UNCLASSIFIED 


AD  NUMBER 


AD096209 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  FEB  1956. 
Other  requests  shall  be  referred  to  Office 
of  Naval  Research,  800  North  Quincy 
Street,  Arlington,  VA  22217-5660. 


AUTHORITY 


ONR  ltr,  13  Sep  1977 


THIS  PAGE  IS  UNCLASSIFIED 


Reproduced  by 

DOCUMENT  SERVICE  CENTER 

KNOTT  BUILDING.  DAYTON,  2,  OHIO 


This  document  is  the  property  of  the  United  States  Government.  It  is  furnished  for  the  du¬ 
ration  of  the  contract  and  shall  be  returned  when  no  longer  required,  or  upon  recall  by  ASTIA 
to  the  following  address:  Armed  Services  Technical  Information  Agency, 
Document  Service  Center,  Knott  Building,  Dayton  2,  Ohio. 


■v)TICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
AR.E  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
n’O  RESPONSIBILITY,  1IOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
’AID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  LS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORA  TON,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE,  j 
USE  OFt  SELL  ANT  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO.  I 


m-iMSxw  ■*vm».93&a2f2&&£. 


■  ( 


BULLE'fl.K 

.' '/  ;  i  .  -f 

■  ,  OF  ,  ' 

THIS  BINGHAM  OCEANOGRAPHIC  COLLECTION 

■«>  Peabody  Museum  of  Natuiul  History 

Xaeb  UjovEaewr 


w 

<r.> 


S  s 


h 


VottWaiXY  . 

ycvfcy/’ 


o.^\ 


OCEANOGRAPHY  OF 
LONG  ISLAND  SOLND,  1962-1964 


/  1 


s\ 


;. ,  Goeimmj  A.  Enter ;>;y' ;; 
•  Smawn?  A.  M.  Cc**^  j&B  ' 
■  02oso:w  B.  Disvihr 
y-  •.  "/-'  toacfty  Jf.  CospTiiE  ' ' , 

-  ';  ’SAJi/teii  B.  W$8A3$*ri>,  % 

‘  "T  .  :f  H^was.  ■.'■ 

■  Howard  L.  Sandebs 


■v 

1)  •! 


Suited  -Ftiruaty, .  I9C?- "  vy 
AW  H<mn}  Conn. ,  U.  8. 


yi.  - 


••  >••  ■  I!, 

.  •  :lr 


OCEANOGRAPHY  OF 
LONG  ISLAND  SOUND,  1952-19541 

By 

Gordon  A.  Riley 
Shirley  A.  M.  Conover 
Geobgiana  B.  Deevey 
Robert  J.  Conover 
Sarah  B.  Wheatland 
Eugene  Harris 
Howard  L.  Sanders 


VOLUME  XV 


BULLETIN 

CF 

THE  BINGHAM  OCEANOGRAPHIC  COLLECTION 

Peabody  Museum  of  Natural  History 
Yale  U-viyebsity 


Iseued  February,  1968 
New  Haven,  Conn.,  U.  S.  A, 


1  These  studies  were  aided  by  a  contract  between  the  Office  of  Naval  Research, 
Department  of  1  Navy,  and  Yale  University;  reproduction  in  whole  or  in  part 
is  permitted  fo.  /  purpose  of  the  United  States  government. 


CONTENTS 

Pag  s 

Harby  Payne  Einghak,  1887-1955  .  5 

G.  A.  Riley:  I.  Introduction . ...» .  9 

G.  A.  Riley:  II.  Physical  Oceanography . . .  . . .  15 

G.  A.  Riley  and  S.  A.  M.  Conoveb:  III.  Chemical  Oceanography .  47 

S.  A.  M,  Conover:  IV.  Phytoplankton . .  ....  62 

G.  B.  Deevey:  V.  Zooplankton . . . '  ,  113 

R.  J.  Conover:  VI.  Biology  of  Acortio  elauti  and  A.  lonsa . .  166 

8.  B.  Wheatland:  VII.  Pelagic  Fiah  Eggs  and  Larvae .  234 

Eugene  Harris  and  G.  A.  Riley:  VIII.  Chemical  Composition  of  the  Plankton  315 
.0.  A.  Riley:  IX.  Production  and  Utilization  of  Organic  Matter . . . . .  324 

H.  L.  8andees:  X.  The  Biology  of  Marine  Bottom  Communities .  345 


HARRY  PAYNE  BINGHAM 
1887-1955 

Harry  Payne  Bingham  died  in  Palm  Beach,  Florida  on  March 
25,  1955 — twenty-five  years  almost  to  the  day  after  his  original 
endovTinent  of  the  Bingham  Oceanographic  Laboratory  at  Yale 
University. 

Bingham  was  born  in  Cleveland,  Ohio  on  December  9,  1887.  He 
received  his  formal  education  at  the  Taft  School  and  at  Yale,  where 
he  was  a  prominent  athlete,  participating  in  football  (varsity  Y), 
hockey,  baseball  and  golf,  and  where  he  roomed  with  Adrian  Van 
Sinderen  and  the  late  Senator  Robert  A.  Taft.  He  returned  to 
Cleveland  after  graduation  and  became  associated  with  the  Up3on 
Nut  Company,  manufacturers  in  steel  and  iron. 

In  the  fall  of  1916,  on  the  eve  of  our  entry  into  World  War  I,  Bing¬ 
ham  wrote,  "My  plans  are  to  go  to  the  military  camp  at  Plattsburg, 
and  to  do  all  I  can  to  elect  Hughes.'’  He  was  secretary  of  the  General 
Munitions  Board  and  the  War  Industries  Board  in  Washington  from 
March  to  December  1917.  Commissioned  a  First  Lieutenant  of 
Ordnance,  he  was  later  transferred  to  the  4th  Field  Artillery  Brigade, 
serving  as  its  operations  officer  and  taking  part  in  the  Chateau-Thierry, 
St.-Mihiel,  and  Argonne  campaigns,  He  was  promoted  to  Captain 
in  October  1918  and  was  discharged  in  March  1919.  Following 
the  war  he  moved  to  New  York,  where  he  became  associated  with 
various  corporations. 

It  is  difficult  to  determine  what  first  aroused  Bingham's  interest 
in  marine  biology.  For  the  History  of  the  Clues  of  1910,  Yale  College 
(Vol.  Ill,  1926)  he  wrote:  “Since  1923  I  have  devoted  my  time  largely 
to  scientific  research  work  connected  with  marine  life,  and  have  added 
some  few  facts  to  the  science  of  Ichthyology.  I  make  yearly  trips 
to  southern  waters  in  boa'.s  especially  equipped  for  deep-sea  fishing 
as  well  as  with  all  necessary  equipment  for  surface  fishing.  The 
specimens  I  am  accumulating  in  a  private  museum  for  further  study* 
and  reference.”  And  the  editor  of  Volume  IV  (1935)  writes  about 
Bingham:  “When  he  first  became  active  in  this  field,  it  was  not  with 
the  mere  intention  of  establishing  a  private  collection  of  marine 
curios,  but  in  the  much  broader  scheme  of  sponsoring  a  program  of 
scientific  research  into  the  life  and  natural  laws  of  the  sea.  For  this 
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purpose  three  separate  oceanographic  expeditions  were  planned, 
equipped -and  conducted  under  Bingham's  personal  supervision  and 
leadership  on  hia  yachts,  the  Pawnee  I  and  the  Pawnee  II,  which 
had  been  specially  fitted  with  the  apparatus  necessary  for  deep-sea 
work.  During  the  first  and  third  expeditions,  in  1925  and  1927, 
the  marine  life,  particularly  that  of  the  relatively  unexplored  great- 
depths,  in  the  Caribbean  and  Bahamian  waters  was  investigated. 
The  second  expedition,  in  1926,  worked  chiefly  in  the  Gulf  of  Cali¬ 
fornia,  from  which  a  wealth  of  new  material  was  also  obtained.  To 
analyze  and  preserve  the  scientific  results  of  these  explorations,  a 
staff  of  scientists,  artists,  and  technicians  was  engaged  and  given 
a  free  hand  with  the  valuable  collections,  When  the  results  of  these 
studies  began  to  become  available,  Bingham  also  arranged  for  their 
publication  in  a  scientific  series  which  continues  to  date,  and  which, 
while  still  under  Bingham’s  private  sponsorship  alone,  was  immedi¬ 
ately  accepted  in  exchange  by  all  the  leading  institutions  in  this 
field  in  the  world.  When,  in  1930,  he  gave  to  Yale  the  Bingham 
Oceanographic  Collection,  it  was  therefore  not  only  a  gift  of  a  rare 
and  valuable  collection  of  more  than  3,000  items,  among  which  nearly 
200  species  have  been  found  to  be  entirely  new  to  science,  it  was 
also  a  going  concern  in  marine  research  and  publication.  And  to 
provide  for  its  continuation  he  established  the  Bingham  Oceanographic 
Foundation.” 

One  of  the  early  members  of  Bingham’s  staff  was  a  young  Nor¬ 
wegian,  Albert  Eide  Parr,  cf  whom  the  New  York-er  (July  18,  1942, 
p.  10)  wrote  at  the  time  he  became  Director  of  the  American  Museum 
of  Natural  History:  “In  1926  he  came  to  this  country  to  find  wider 
opportunities.  These  opened  up  dimly  at  the  Aquarium,  where 
he  got  a  job  at  §110  a  month  cleaning  spittoons,  feeding  fish,  and 
washing  the  windows,  A  year  or  so  later  Harry  Payne  Bingham 
put  him  in  charge:,  of  the  collection  at  New  Haven.”  Over  the  years 
Parr  and  Bingham  became  close  friends,  each  admiring  the  other’s 
particular  talents  and  abilities.  Their  correspondence  in  the  1930’s, 
when  Parr  was  Director  of  the  new  laboratory  at  Yale,  shows  that 
they  remained  on  formal  terms;  it  was  always  “Dear  Mr.  Bingham” 
and  “Dear  Parr.”  But  there  is  an  intimacy  in  the  letters  themselves 
which  belies  the  salutations.  Thus  Parr  wrote  to  Bingham  on  March 
29,  1930  about  the  moving  of  equipment  from  “Tebo’s”  yacht-yard 
to  New  Haven: 
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Harry  Payne  B inghanc  !88f- 1955 

I  am  very  sorry  that  the  moving  proved  to  be  such  an  expensive  affair,  but 
alter  having  seen  what  it  meant- 1  am. convinced  that  the  price  was  quite  decent 
nevertheless.  They  started  loading  in  the  morning  with  6  men,  got  8  men  in 
the  afternoon  and  were  not  through  until  alter  seven  at  night.  It  was  just  like 
opening  a  warm  soda  bottle,  it  seemed  to  grcifr  and  flow  outi -endlessly.  It  was, 
incidentally,  a  quite  entertaining  undertaking.  They  had,  for  instance,  been 
carrying  out  the  smaller  nets  and  came  to  our  300  feet  seina,  not  knowing  what 
it  was,  and  began  loading  it  on  the  strongest  man,  who  highhandedly  refused 
any  w  eaker  assistance — in  the  beginning.  ’Then  he  had  got  about  60  feet  on 
another  man  hau  to  take  up  position  behind  him.  Nobody  knew  how  long  it 
was  to  the  end,  and  it  developed  into  a  conjurers’  show  accompanied  by  some 
of  tho  most  assorted  swearing  I  have  eve.  listened  to.  When  the  net  finally 
came  out  all  eight  men  were  under  it,  providing  great  entertainment  for  the 
entire  building,  particularly  the  strong  man,  who  had  wanted  to  carry  it  alone. 
Then  there  was  a  youth  who  innocently  wanted  to  tip  a  loose  coil  of  steel  rope 
on  to  his  hand  truck  to  wheel  it  out  to  tho  elevator.  His  arms  almoet  left  hia 
shoulders,  and  his  face  assumed  its  most  puzzled  expression.  After  four  men 
.  had  tipped,  not  lifted,  tho  peaceful  looking  coil  onto  the  truck  it  was  decided 
that  it  weighed  around  1000  pounds.  Tins  was  the  way  it  went.-  Then  one 
truck  broke  down  undffir  the  weight  before  starting  from  New  York  the  next 
morning,  a  reloading  had  to  be  done,  and  they  were  not  through  unloading  it 
here  until  after  eight  that  night 

To  this  Bingham  replied  in  part: 

Your  very  amusing  letter  about  the  moving  to  New  Haven  was  much  enjoyed. 
I  should  love  to  have  been  there  and  seen  tho  fun. 

In  1950  the  History  of  the  Class  of  1910,  Yale  College  quoted  Mr. 
Bingham  as  follows:  “I  have  kept  a  continuing  interest  in  the  Bingham 
Oceanographic  Laboratory,  which  has  been  given  favorable  support 
by  the  university,”  The  author  of  the  class  history  goes  on  to  write: 
“The  foregoing  modest  statement  hardly  tells  the  story.  The  labora¬ 
tory  was  started  by  Bingham  twenty  years  ago.  It  now  has  an 
international  reputation.  Two  important  oceanographic  journals  are 
published  from  its  offices,  and  the  researches  of  its  staff  on  the  biology 
and  physics  of  the  sea  have  attracted  wide  attention.  In  the  last 
decade  the  laboratory  has  also  attracted  top  flight  graduate  students. 
From  a  small  beginning  it  has  given  the  University  prominence  in 
a  subject  of  increasing  importance,  and  Yale  takes  great  pride  in 
Bingham’s  Oceanographic  Laboratory.” 

Research  is  the  primary  business  of  the  laboratory,  and  one  measure 
of  its  productivity  is  the  output  of  scientific  papers.  With  this 
issue  the  Bulletin  of  the  Bingham  Oceanographic  Collection  has 
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published  since  its  inception  nearly  6,000  pages,  and  in  the  past  ten 
years  the  papers  published  by  the  staff  in  journals  outside  the  Bulletin 
number  132  and  cover  1,360  pages.  The  laboratory  has  more  than 
lived  up  to  its  original  statement  of  intent,  "Founded  for  the  purpose 
of  oceanographic  research.”’ 

Mr.  Bingham’s  generosity  to  his  university  was  by  no  means  con¬ 
fined  to  things  oceanographic.  On  February  22,  1926,  President 
Angell  announced  to  the  graduates  assembled  for  Alumni  Day  a 
gift  of  $1,000,000  made  in  honor  of  Mr.  Bingham’s  father  by  the 
four  children  of  Charles  W.  Bingham,  ’68.  From  this  fund  Bingham 
Hall  on  the  Old  Campus  was  built,  the  balance  of  the  gift  being  held 
for  maintenance  and  general  endowment.  Mr.  Bingham’s  more 
recent  benefactions  to  Yale  included  major  contributions  to  the  new 
Art  Gallery  ana  Design  Center. 

Mr.  Bingham  seldom  visited  "his”  laboratory  at  Yale.  Yet, 
when  asked,  and  only  if  he  thought  it  right,  he  gave  extras:  a  new 
truck,  the  cost  of  another  Bingham  Bulletin,  even  salaries  under 
certain  circumstances.  When  he  did  come  to  New  Haven,  he  brought 
with  him  warmth,  infectious  enthusiasm,  an  inquisitive  probing 
mind,  and  thoughtfulness.  On  his  last  visit  to  the  laboratory  in 
May  1934  he  quite  characteristically  arrived  earlier  than  anticipated. 
Finding  no  one  available  in  the  front  offices,  he  made  his  way  to  one 
of  the  younger  staff  members,  "I’m  Bingham  of  the  Bingham  Labora¬ 
tory,”  he  said.  "What  are  you  working  at?”  "At  the  moment 
I’m  describing  a  new  species  of  fish,”  came  the  answer,  and  Mr. 
Bingham  was  instantly  fascinated;  he  asked  incisive  questions  and 
was  as  eager  as  if  he  had  collected  the  specimen  himself.  On  this 
occasion,  as  on  all  others  when  he  came  to  New  Haven,  for  each  of 
us  who  saw  him  it  was  a  joy. 

It  is  of  considerable  interest,  I  think,  that  Bingham’s  fascination 
for  the  sea  preceded  by  some  years  the  great  burst  of  oceanographic 
activity  which  characterized  the  late  ’20's  and  early  ’30’s  in  this 
country.  His  understanding  of  the  contribution  to  scientific  progress 
that  a  generously  supported  though  small  laboratory  could  make  in 
the  broad  field  of  oceanographic  research,  as  well  as  his  unfailing 
interest  in  results  through  a  quarter  of  a  century',  were  characteristic 
of  the  man. 

Our  gratitude  to  him  knows  no  bounds,  and  in  that  spirit  this 
volume  is  dedicated  to  his  memory. — D.  M. 


OCEANOGRAPHY  OF 
LONG  ISLAND  SOUND,  1952-1954 

I.  INTRODUCTION 
By 

Gobdon  A.  Riley 

Bingham  Oceanographic  Laboratory 

During  the  last  fifteen  years,  the  Bingham  Oceanographic  Labora¬ 
tory  has  examined  and  reported  on  various  aspects  of  the  local  waters 
off  southern  New  England.  Riley  (1941)  described  the  plankton 
and  associated  chemical  oceanographic  factors  in  a  small  area  in  the 
north-central  part  of  Long  Island  Sound,  A  study  of  Block  Island 
Sound  from  1943  to  1948  and  again  in  1949  resulted  in  papers  on  the 
fish  population  (Merriman  and  Warfel,  1948,  and  others)  fish  eggs 
and  larvae  (Merriman  and  Sclar,  1952),  benthic  fauna  (Smith,  1950), 
and  plankton  (Deevev,  1952a,  1952b;  Riley,  1952b).  The  1949 
survey,  together  with  observations  obtained  by  the  Woods  Hole 
Oceanographic  Institution  in  1946,  supplied  data  for  an  analysis 
of  the  physical  oceanography  of  the  Long  Island  and  Block  Island 
Sounds  (Riley,  1952a). 

The  region  as  a  whole  provides  a  variety  of  environments  ranging 
from  open  coastal  waters  to  shallow,  protected  bays  and  sounds  with 
markedly  reduced  salinity,  The  plankton  concentration  in  these 
protected  waters  averages  perhaps  an  order  of  magnitude  larger 
than  those  in  exposed  seaward  areas,  although  the  species  composition 
is  relatively  limited.  The  quantity  of  bottom  fauna  is  also  large, 
and  shellfish  are  commercially  important.  In  Block  Island  Sound 
and  the  outer  coastal  region,  commercial  interests  are  primarily 
centered  in  the  fin  fisheries. 

It  is  one  of  the  long  term  aims  of  the  Bingham  Laboratory  to 
accumulate  detailed  descriptive  information  on  the  populations  and 
environmental  characteristics  of  several  representative  localities 
within  this  region  and  to  explain  the  ecological  reasons  for  observed 
differences.  The  region  poses  a  vast  number  of  ecological  questions, 
and  the  answers,  many  of  which  are  perceived  dimly  if  at  all  at  the 
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present  time,  are  of  general  interest 'because  the  region  is  similar  in 
its  broad  oceanographic  aspects  to  many  other  temperate  coastal 
waters. 

.  To  list  a  few  of  the  most*  general  questions :  Do  the  shallow,  protected 
areas  produce  more,  phytoplankton  than  the  open  waters?  Super¬ 
ficially  this  appears  to  be  so,  considering  the  comparative  size  of  the 
standing  crops,  but  the  latter  could  be  affected  drastically  by  differ¬ 
ences  in  the  rate  of  removal  by  feeding  or  physical  dissipation.  Are 
there  regional  differences  in  the  efficiency  of  transformation  of  phyto¬ 
plankton  into  animal  tissue?  What  makes  one  area  different  from 
another  with  respect  to  the  kinds  of  large  and  commercially  useful 
animals  that  are  produced?  TVhai.  ?;ah  oe  learned  from  a  broad  and 
intensive  oceanographic  survey  that  will  throw  light  on  the  prob¬ 
lem  of  annual  fluctuations  of  fish  production  and  the  so-called 
“optimum  catch”? 

What  is  the  role  of  freshwater  drainage?  How  uamaging  are 
pollution  effects?  Does  land  drainage  enrich  the  coastal  area,  or  is 
this  effect  insignificant  compared  with  the  transport  of  nutrients  by 
physical  oceanographic  processes?  What  effect  do  silt  and  bottom 
sediments  have  on  the  transparency  of  the  water  and  how  seriously 
do  they  influence  phytoplankton  production  and  animal  behavior? 

The  answers  to  such  questions  can  bo  obtained  only  by  a  long  term 
program  of  broad  scope.  They  are  ultimate  rather  than  immediate 
problems,  and  only  a  few  partial  answers  will  be  found  in  the  papers 
that  follow.  However,  these  and  similar  questions  need  to  be  borne 
in  mind  if  the  investigation  of  the  moment  is  to  make  a  serious  contri¬ 
bution  to  the  over-all  problem  of  coastal  oceanography. 

With  the  completion,  at  least,  for  the  time  being,  of  the  Block  Island 
Sound  survey,  attention  has  again  been  turned  to  Long  Island  Sound 
(Fig.  1).  This  is  a  semienclosed  body  of  water  roughly  100  nautical 
miles  long,  with  an  area  of  abcut  930  square  miles.  It  has  a  maximum 
depth  of  100  m  near  the  eastern  end,  but  elsewhere  there  is  little 
water  of  more  than  30  m.  At  the  eastern  end  there  is  free  exchange 
between  the  Long  Island  and  Block  Island  Sounds  through  a  series 
of  passes.  Through  a  narrow  channel  at  the  western,  end,  limited 
exchange  takes  place  with  the  waters  of  New  York  Harbor. 

The  drainage  basin  is  13  times  the  area  of  the  Sound,  but  more 
than  75%  of  t’  c  runoff  enters  the  relatively  open  eastern  end,  where 
i  ?  effect  on  th  Sound  as  a  whole  is  minimal.  The  western  end  is 
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normally  about  5%t  fresher  than  the  eastern  end,  and  there  is  a 
seasonal  variation  of  2  to  3%,  the  minimum  corresponding  with 
the  spring  period  of  heavy  land  drainage. 

The  mean  range  of  the  tide  is  0.75  m  in  the  eastern  end  and  increases 
westward  to  2.2  m.  The  volume  of  tidal  inflow  is  8.2%  of  the  volume 
of  tbe  Sound  below  mean  low  water.  Strong  tidal  currents  are  found 
in  the  vicinity  of  the  passes.  Farther  west  the  average  tidal  speed 
generally  lies  between  10  and  60  cm/sec. 

The  existing  information  on  nontidal  currents  and  transport  was 
summarized  by  Riley  (1952a).  The  problem  will  be  reopened  later. 
It  suffices  for  the  present  to  say  that  in  Long  Island  Sound,  as  in  many 
other  sounds  and  estuaries,  there  is  a  tendency  toward  a  two-layered 
transport  system  in  which  a  relatively  fresh  surface  layer  moves 
eastward  out  of  the  Sound  and  is  replaced  by  saline  water  moving 
inward  along  the  bottom.  An  elementary  application  of  the  salt 
continuity  principle  in  the  paper  cited  suggested  a  total  interchange 
by  transport  and  diffusion  amounting  to  about  30%  of  the  volume 
of  the  Sound  per  month.  Further  work  by  more  refined  methods 
will  somewhat  modify  this  conclusion,  but  it  serves  to  indicate  the 
order  of  magnitude  of  the  exchange  rate. 

In  planning  a  general  oceanographic  survey  of  the  region,  it  is 
apparent  that  descriptive  knowledge  of  local  populations  and  their 
environment,  though  necessary,  is  not  sufficient  in  itself  to  provide 
&  clear  concept  of  their  ecology.  It  is  important  to  determine  the 
extent  to  which  local  populations  are  modified  by  transport.  Pro¬ 
ductivity  must  be  evaluated  in  terms  of  the  combined  effects  of 
enrichment  by  freshwater  drainage,  the  gain  and  loss  of  nutrients 
by  horizontal  water  movements,  and  the  local  rate  of  biological 
turnover. 

Practical  considerations  of  time  and  available  personnel  have  made  it 
desirable  to  divide  the  survey  into  two  phases:  For  a  period  of  two 
years,  beginning  in  March  1952,  weekly  observations  of  physical  and 
chemical  properties  and  plankton  have  been  obtained  at  positions 
indicated  in  Fig.  1.  This  area,  while  relatively  limited,  is  believed 
to  be  fairly  representative  of  the  central  basin  of  the  Sound  from 
Longitude  72a30'  W  to  73°05/  W.  At  less  frequent  intervals  there 
have  been  bottom  fauna  collections  and  various  types  of  physiological 
studies.  Three  cruises  of  longer  duration  have  obtained  similar 
data  from  other  parts  of  the  Sound. 
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The  first  products  of  this  investigation  are  reported  herein,  with 
papers  on  physical  and  chemical  oceanography  and  various  aspects 
of  the  biological  program.  Other  parts  of  the  survey  will  be  published 
subsequently. 

In  March  1954,  the  scope  of  the  investigation  was  broadened  to 
general  coverage  of  the  Sound  at  approximately  monthly  intervals. 
There  were  four  main  purposes:  (a)  To  obtain  at  least  a  minimum 
of  data  on  regional  variations  in  populations  and  seasonal  cycles  for 
comparison  with  the  more  detailed  survey  of  these  first  two  years, 
(b)  To  refine  present  knowledge  of  the  movements  of  water  within 
the  Sound  and  the  rate  of  exchange  between  the  Sound  and  adjacent 
waters,  (c)  To  attempt  to  distinguish  between  local  biological  events 
and  transport  effects  in  the  development  of  pelagic  populations, 
(d)  To  budget  the  cycle  of  nitrogen  (the  most  important  chemical 
element  from  the  standpoint  of  limitation  of  plant  growth)  with 
respect  to  internal  biological  transformations,  transport  effects, 
and  freshwater  enrichment.  This  phase  of  the  program  is  expected 
to  continue  for  two  or  three  years. 

It  is  a  pleasure  to  acknowledge  our  gratitude  to  the  Office  of  Naval 
Research,  which  has  supplied  generous  financial  assistance  to  the 
project.  Field  work  has  been  carried  out  aboard  the  laboratory 
vessel  of  the  U.  S.  Fish  and  Wildlife  Sendee  Statio?*  at  Milford, 
Connecticut.  To  Dr.  Victor  L.  Loosanoff,  Director  of  the  Station, 
and  to  Captain  Herman  R.  Glas  of  the  Seang  Weeeeeb,  we  are 
deeply  indebted  for  their  kindness  and  help  throughout  the  work. 
The  work  of  various  members  of  the  group  has  been  aided  by  part 
time  undergraduate  assistants:  Charles  E.  Weems,  Louis  K.  Mowbray, 
Francisco  Wong,  Jack  Fu,  and  Henry  Schurr.  Special  thanks  are 
given  to  Daniel  Merriman,  who  has  given  his  time  unstintingly  in 
scientific  and  editorial  advice  and  in  administrative  work  in  con¬ 
nection  with  the  project. 
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ABSTRACT 

Temperature  and  salinity  data  were  obtained  at  eight  stations  in  the  central  part 
of  the  Sound  at  weekly  or  biweekly  intervals  from  March  1952  to  March  1954. 
Seasonal  trends  and  differences  from  one  year  to  the  next  are  discussed  in  relation 
to  Weather  Bureau  data  on  air  temperature  and  precipitation.  Tidal  mixing  is 
sufficient  to  prevent  the  development  of  strong  stability,  although  a  small  thermocline 
is  present  from  February  or  March  until  the  end  of  August;  there  is  a  vertical  salinity 
gradient  during  most  of  the  year.  Direct  current  measurements  indicate  a  weak 
nontidal  drift,  but  possibly  the  currents  are  noo  continuously  present,  for  observa¬ 
tions  on  the  horizontal  distribution  of  salinity  and  density  show  that  conditions 
favoring  the  maintenance  of  density  currents  are  readily  modified  by  transient 
winds,  The  distribution  of  temperature  and  salinity  in  the  Bound  as  a  whole  is 
briefly  described.  Recent  and  previous  current  measurements  are  combined  In  a 
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generalized  estimate  of  east-west,  mass  transport,  and  problems  of  transport  exchange 
and  salt  balance  are  discussed.  The  seasonal  temperature  cycle  in  the  central 
basin  is  used  to  calculate  vertical  eddy  conductivity  coefficients  for  all  of  the  two- 
year  survey  except  the  periods  from  mid-August  to  mid-November.  The  eddy 
coefficients  are  indeterminate  during  the  early,  autumn,  and  it  is  suggested  that 
convection  is  more  important  than  turbulence  in  cbntrolling  this  part  of  the  seasonal 
cycle.  Data  on  radiation  and  water  transparency  are  presented,  and  the  latter  are 
analyzed  with  respect  to  phytoplankton,  winds,  currents,  and  other  factors  that 
affect  transparency  in  shallow  coastal  waters. 

TEMPERATURE  AND  SALINITY  DISTRIBUTION 

Methods 

Temperature  measurements  at  each  station  included  a  bathythermo¬ 
graph  lowering  from  surface  to  bottom  os  well  as  a  surface  temperature 
reading  with  a  G-M  bucket  thermometer.  BTs  were  read  to  the 
nearest  tenth  of  a  degree  Fahrenheit  at  depth  intervals  of  2.6  m 
and  converted  to  the  nearest  0.05°  C.  Comparison  of  average  surface 
readings  with  the  corresponding  thermometer  temperatures  was 
used  to  apply  a  systematic  correction  to  BT  readings  when  the  average 
difference  was  as  much  as  0.05°. 

Water  samples  for  salinity  determinations  and  other  chemical 
analyses  were  collected  with  a  Nansen  bottle  one  meter  below  the 
surface,  one  to  two  meters  above  the  bottom,  and  at  one  or  two 
intermediate  depths,  the  number  depending  on  the  depth.  Salinities 
were  titrated  according  to  the  simplified  method  described  by  Harvey 
(1928),  using  Woods  Hole  standard  sea  water  to  standardize  the 
silver  nitrate.  The  slightly  superior  accuracy  of  the  Knudsen  method 
is  hardly  warranted  in  neritic  waters  where  the  salinity  range  requires 
the  use  of  two  burettes  and  where  local  variability  often  exceeds  the 
titration  error. 

Seasonal  Cycles  in  the  Central  Part  of  the  Sound 

Fig.  1  shows  the  temperature  and  salinity  of  the  inshore  waters 
from  March  5,  1952  to  March  10,  1954,  Surface  values  are  the 
averages  of  Sts,  1,  6,  7,  and  8  (cf.  Introduction,  Fig.  1).  The  bot¬ 
tom  temperatures  represent  depths  of  about  8  to  12  m  and  are 
averages  of  Sts.  1,  7,  and  8,  St.  6,  in  water  of  only  about  4  m,  is 
omitted. 

The  average  temperature  and  salinity  at  offshore  Sts.  2  to  5  are 
plotted  in  similar  fashion  in  Fig,  2.  The  bottom  depths  range  from 


Figure  1.  Average  temperature  (’C)  and  salinity  (°/o»)  at  the  surface  (solid  lines)  and 
bottom  (dashed  lines)  at  inshore  stations  In  the  central  part  of  Long  Island  Sound.  Total 
precipitation  (cm)  between  saocesslve  dateg  of  oceanographic  observation. 

19  to  28  m.  Included  in  the  figures  are  data  on  precipitation  (Fig.  1) 
and  air  temperature  (Fig.  2)  obtained  through  the  courtesy  of  the 
New  Haven  office  of  the  U.  S.  Weather  Bureau.  Weather  data  are 
recorded  at  41°  16'  N,  72°  53'  W,  half  a  mile  from  Long  Island  Sound 
and  about  three  miles  from  Sts.  6  and  7.  They  are  plotted  here  as 
average  temperature  and  total  precipitation  between  successive  dates 
of  oceanographic  observation.  Comparison  of  weather  data  for  1952— 
54  with  the  long-term  means  of  the  Weather  Bureau  shows  that  in 
1952  the  summer  air  temperatures  were  about  1°  C  above  average,  the 
autumn  temperature  approximately  normal.  But  the  winter  of  1952— 
53  w'as  one  of  the  warmest  on  record,  with  individual  monthly  means 
ranging  from  1.6  to  3.5°  C  above  the  long-term  average.  The  spring 
and  autumn  of  1953  were  also  above  average,  the  summer  normal. 
Warm  weather  persisted  through  December,  but  January  1954  was 
1.4°  below  normal. 
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Figure  2.  Weekly  average*  of  air  temperature  (°C)  recorded  by  the  New  Haven  Weather 
Bureau.  Average  water  temperature  (®C)  and  salinity  (0/«>)  at  surface  (solid  line*)  Rad 
bottom  (dotted  lines)  at  offshore  St*.  2  to  5, 


These  differences  in  air  temperature  are  reflected  in  sea  surface 
temperatures.  The  latter  were  slightly  warmer  in  the  summer  of 

1952  than  in- 1953.  Autumn  cooling  in  1953  lagged  two  or  three 
weeks  behind  the  preceding  year.  However,  rapid  cooling  in  January 
1954  produced  a  midwinter  minimum  that  was  normal  or  perhaps 
below  average  for  the  area  and  was  nearly  3°  colder  than  the  year 
before. 

The  total  precipitation  was  119  cm  in  1952  and  137  cm  in  1953, 
as  compared  with  an  81 -year  mean  of  117.5  cm.  March  and  April 

1953  were  excessively  wet,  and  the  salinity  dropped  off  rapidly  at 
that  time.  Otherwise  there  were  no  marked  differences  in  salinity 
between  one  year  and  the  next.  It  has  been  suggested  previously 
(Riley,  1952)  that  the  volume  of  freshwater  drainage  regulates  the 
rate  of  transport  exchange,  so  that  the  salinity  tends  to  be  held  at  a 
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relatively  constant  level.  This  theory  is  strengthened  by  the  fact 
that  a  15%  increase  in  rainfall  in  1953  hid  only  a  small  and  transient 
effect  on  the  general  salinity  level. 

A  small  thennocline  was  found  each  ^-sar  from  February  or  March 
until  the  end  of  August'.  Tidal  muring  was  strong  enough  so  that 
the  surface  layer  was  seldom  more  tham  5°  warmer  than  the  bottom 
water.  Positive  temperature  gradients  of  as  much  as  1°  have  been 
found  in  winter. 

A  small  vertical  salinity  gradient  was  present  most  of  the  time.  It 
tended  to  be  maintained,  irrespective  of  thermal  stability,  by  the 
combined  effects  of  freshwater  diluticm  of  the  surface  layer  and  the 
inflow  of  Saline  water  along  the  bottom- 

Factors  Affecting  Salinity  ano  Density  Distribution 
in  the  Central,  Basin 

Fig.  3  is  a  chart  of  the  central  part  off  die  Sound,  reviewing  routine 
station  positions  and  showing-  measutrementa  of  nontidal  surface 
currents.  The  latter  Include  estimates  based  on  measurements  of 
tidal  currents  by  the  U.  S.  Coast  and  GSeodetic  Survey  and  additional 
current  stations  obtained  during  the  present  survey,  using  the  method 
described  by  Pritchard  and  Burt  (1051>. 

Many  small  streams  empty  into  the  Sound  along  the  northern 
shore  of  the  central  and  western  bams,  and  the  Housatonio  is  a 
river  of  moderate  size,  accounting  for  approximately  one-tenth  of 
the  total  drainage  into  the  Sound.  Previous  surveys  have  commonly 
shown  reduced  salinity  in  the  northern  inshore  waters.  This,  com¬ 
bined  with  the  evidence  from  current  measurements,  led  to  the 
hypothesis  (Riley,  1952)  that  a  coastwise  density  current  begins  in 
the  vicinity  of  New  Haven,  flows  westward  and  gives  rise  to  a  counter¬ 
clockwise  gyral  in  tho  western  half  of  the  Sound. 

Between  New  Haven  and  the  month  of  the  Housatonio  River, 
but  not  including  the  latter,  the  tote',  freshwater  drainage  varies 
seasonally  between  about  0.3  and  l.S>  million  m’/day.  The  major 
part  of  this  water  comes  from  rivers  emptying  into  New  Haven 
Harbor.  Assuming  an  average  coasttwsa  drift  of  about  two  miles 
a  day  (this  is  the  mean  of  the  available  current  measurements  and 
is  In  agreement  with  the  observed  movement  of  oil  accidentally 
dumped  into  New  Haven  Harbor),  :he  drainage  could  reduce  the 
salinity  about  0.12  to  0.60  %c  in  a  strip  of  coastal  water  two  miles 
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Figaro  8.  Chart  of  central  Long  Island  Sound.  Dots  and  largo  numbers  Indicate  routine 
stations.  Arrows  and  small  numbers  show  observed  direction  and  speed  of  nontidal  drift  in 
oentlmeters  per  second.  Values  at  Sts.  1,  8,  and  5  were  obtained  during  tha  present  eurvey. 
Others  are  erthnates  from  Riley  (1052),  based  on  U.  S.  Coast  and  Geodetic  Survey  tidal 
current  charts. 

wide.  The  Housatonic  River,  on  the  other  hand,  has  a  drainage 
volume  roughly  an  order  of  magnitude  larger  than  the  figures  cited 
above,  and  wherever  its  outflow  goes,  it  may  be  expected  to  have  a 
correspondingly  greater  effect  cn  salinity. 

During  the  recent  survey,  about  0%  of  the  observations  at  St.  1 
have  revealed  a  markedly  reduced  surface  salinity  that  was  almost 
certainly  due  to  Housatonic  River  influence.  •  The  mouth  of  the  river 
is  three  miles  west  of  St.  1  and  only  slightly  beyond  the  limits  of  the 
normal  ebb  tide  excursion.  Hence  an  occasional  effect  of  this  kind 
does  not  seriously  contradict  the  theory  of  a  general  westerly  drift. 

However,  for  other  reasons  the  theory  needs  to  be  re-examined  and 
somewhat  modified.  Whatever  the  actual  water  movement  may  be, 
it  has  become  apparent  that  conditions  tending  to  generate  a  density 
current  are  not-  continuously  present.  Water  of  relatively  low  density 
has  been  found  only  about  half  of  the  time  at  St.  1.  With  northerly 
and  westerly  winds  it  has  been  common  to  find  water  of  lower  density 
in  the  surface  layer  offshore:  concomitantly,  the  water  at  St.  1  has 
tempeiature  and  salinity  characteristics  which  are  typical  of  mid-depth 
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or  bottom  water  from  tbe  offshore  region.  It  has  also  been  common  at 
such  times  to  find  eddies  of  fresh  water  containing  debris  of  terrestrial 
origin  in  the  vicinity  of  St.  4.  The  most  likely  source  of  such  water 
is  the  Housatonic  River  five  miles  to  the  north.  In  order  to  present 
the  data  as  a  whole  in  simple  form,  differences  in  surface  water  density 
(sigma-t)  between  Sts.  3  and  1  have  been  tabulated  in  the  first  part 
of  Table  I  in  relation  to  wind  direction.  The  coastline  in  this  area 
is  oriented  approximately  SW  to  ME.  Water  movement  is  likely  to  he 
somewhat  to  the  right  of  the  wind.  Offshore  movement  is  therefore 
most  likely  to  occur  with  north  to  southwest  winds. 

Table  I.  Fbe-quexcy  Distribution  a nd  Average  Magnitude  of  Density  a au 
Salts  err  Gradients  in  Relation  to  Wind  Direction  During  the 
Day  Preceding  the  Observations 


WirA  direction 

.V  to  517 

S  to  XE 

Density  gradient, 

+ 

11 

11 

St.  3  minus  St.  1 

— 

22 

2 

Mean 

-.12 

•20 

Salinity  gradient 

+ 

11 

7 

St.  4  minus  St.  3 

— 

21 

6 

Mean 

—  .25 

.02 

Sts.  1  and  3  were  ordinarily  occupied  about  9  10  a  m.  Wind  data 
are  averaged  by  the  Weather  Bureau  from  midnight  to  midnight. 
Thus  the  most  pertinent  wind  data  are  for  a  period  of  roughly  33  to  8 
hours  preceding  the  station  observations.  This  is  hardly  ideal;  never¬ 
theless,  the  results  in  Table  I  clearly  show  a  relation  between  density 
distribution  and  transient  winds.  Plus  signs  designate  the  number  of 
occasions  when  a  positive  density  gradient  was  found,  a  condition 
favoring  the  establishment  of  a  coastwise  density  current.  Minus 
signs  indicate  the  frequency  distribution  of  denser  water  inshore,  which 
is  presumed  to  be  associated  with  offshore  movement  and  upwelling. 
The  next  line  of  Table  I  is  the  mean  of  all  observations,  positive  and 
negative,  for  each  group. 

The  second  half  of  Table  I  presents  an  analogous  comparison  of 
surface  salinities  at  offshore  Sts.  3  and  4,  With  southerly  and  easterly 
winds  there  is  no  significant  difference  and  none  to  be  expected.  With 
northerly  and  westerly  winds,  about  two-thirds  of  the  observations 
indicate  a  freshening  effect,  which  is  postulated  to  be  due  primarily 
to  southward  transport  of  Housatuuic  River  water. 
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Although  it  would  appear  in  Table  I  that  the  wind  effect  is  transient, 
it  is  reasonable  to  supposs  that  there  might  be  a  prevailing  pattern 
of  density  distribution  over  a  period  longer  than  a  day  or  a  few  days, 
corresponding  to  patterns  of  prevailing  winds.  Table  II  shows 
vectorial  averages  of  wind  speed  in  miles  per  hour  and  direction  by 
semimonthly  periods  during  the  summers  of  1952  and  1953.  Below 
these  figures  are  listed  all  of  the  observed  differences  in  sdgma-t  between 
Sts.  3  and  1  for  each  period ;  also  listed  are  differences  between  Sts. 
2  and  1.  The  latter  are  regarded  as  somewhat  inferior  in  quality 
because  the  stations  are  widely  separated,  but  they  greatly  increase 
the  total  amount  of  data  available  for  examination. 

TABLE  II.  Comparison  or  Semimonthly  Averages  op  Wind  Speed  and 
Direction  wdh  Observed  Horizontal  Density  Gradients 


-J  line — -  - July - -  - August - - 


isse 

1-16 

16-30 

1-15 

16  SI 

1-15 

16-31 

Wind  direction 

252 

268 

200 

254 

— 

225 

Wind  speed 

2.1 

1.7 

1.7 

3.7 

0.0 

1.5 

Density  difference,  3-1 

— 

.02 

-.37 

+  .17 

-.18 

-.12 

2-1 

-.10 

-.60 

-.84 

-.67 

■-.88 

-.38 

— 

-.42 

-1.26 

-.38 

.07 

.20 

ms 

-.43 

““ 

“““ 

Wind  direction 

250 

197 

077 

053 

067 

238 

Wind  speed 

2.3 

3.1 

0.5 

0.1 

1.3 

2.2 

Density  difference,  3-1 

-.38 

,07 

,25 

.01 

,09 

-.45 

-.38 

— 

— 

— 

— 

— 

2-1 

-.11 

-.29 

-.29 

.00 

.08 

-.25 

-.18 

.38 

03 

-.15 

.00 

-.40 

-.07 

— 

— 

— 

— 

During  the  summer  of  1952,  the  prevailing  winds  were  westerly, 
and  the  preponderance  of  negative  gradients  indicated  considerable 
offshore  movement  and  upwelling,  The  winds  were  southerly  and 
easterly  for  two  months  in  the  summer  of  1953.  A  majority  of  the 
horizontal  gradients  at  that  time  were  positive,  suggesting  that  the 
inshore  water  mass  was  sufficiently  stable  to  become  freshened  by 
river  drainage,  eveD  though  the  latter  is  relatively  small  in  summer. 

Differences  of  this  type  from  one  year  to  the  next  may  be  important 
biologically.  Many  species  of  bottom  invertebrates  find  a  suitable 
substrate  only  in  the  inshore  waters,  and  successful  reproduction 
requires  that  their  planktunic  larvae  reach  the  stage  of  metamorphosis 
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in  the  coastal  zone.  -  Winds  that  maintain  a  stable  inshore  water 
mass  during  the  period  of  planktonic  existence  therefore  favor  a 
successful  year .  class.  The  pattern  of  prevailing  winds  may  also 
affect  phytoplankton  production.  However,  the  latter  is  a  much 
more  complex  problem,  since  it  involves  the  effect  of  wind  on  both 
physical  dispersal  and  the  rate  of  supply  of  nutrients  by  upwelling. 

The  remainder  of  the  two-year  period  has  been  examined  in  the 
same  way.  Qualitatively  the  relationship  between  winds  and  density 
distribution  holds  throughout,  but  the  quantitative  aspects  of  the 
relationship  vary  considerably  from  one  season  to  another.  There 
are  periods  in  autumn  and  early  winter  when  strong  westerly  winds 
have  little  effect  on  the  density  distribution.  This  simply  means 
that  the  Sound  is  thoroughly  mixed  and  that  no  amount  of  upwelling 
can  create  a  pronounced  horizontal  gradient.  Contrariwise,  during 
the  spring  peak  in  freshwater  drainage,  positive  density  gradients 
tend  to  be  maintained  despite  northerly  winds. 

With  regard  to  the  other  inshore  sampling  positions,  St.  0,  just 
inside  the  New  Haven  Harbor  breakwater,  ordinarily  had  a  slightly 
reduced  salinity,  as  might  be  expected.  St.  7  occasionally  showed 
slight  harbor  influence  on  the  ebb  tide.  None  was  noted  at  St.  8, 
which  is  in  an  area  where  previous  studies  suggested  the  possibility 
of  a  diffuse  northerly  drift,  completing  the  postulated  counterclockwise 
gyral  in  the  western  half  of  the  Sound.  No  definitive  evidence  on 
this  subject  has  since  been  obtained.  However,  salinities  have  been 
generally  similar  to  these  at  offshore  St.  2  and  have  exhibited  no 
freshening  effect  that  might  be  due  either  to  easterly  movement  from 
New  Haven  Harbor  or  to  a  coastwise  density  current  originating 
from  the  Connecticut  River. 

Horizontal  Distrib ctio.v  in  the  Sottnd  as  a  Whole 

Previous  observations  on  the  general  distribution  of  temperature 
and  salinity  in  the  Sound  have  been  summarized  by  Riley  (1952). 
Since  that  time,  three  additional  cruises  have  been  made.  Surface 
observations  are  shown  in  Figs.  4  to  6.  The  east-west  salinity  gradi¬ 
ents  and  the  seasonal  change  in  salinity  are  more  or  less  similar  to 
what  has  been  described  before,  Fig.  5  represents  a  typical  autumn 
distribution,  with  relatively  high  salinity  throughout  the  Sound. 
During  the  two  spring  cruises  the  rivers  were  in  flood,  and  Figs.  4  and 
6  show  the  effects  of  freshwater  drainage  to  an  extreme  degree.  The 
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Figure  4.  Surface  temperature  (°0)  ftud  salinity  (•/«•).  Jura  4  to  II,  1942.  Dots  Indicate 
positions  of  observation. 


outflow  from  the  Connecticut  River  was  largely  responsible  for 
reduced  surface  salinities  in  the  eastern  end  of  the  Sound.  This 
outflow  was  readily  observed  at  sea  as  a  muddy  surface  layer  with 
clearly  defined  boundaries,  in  one  case  extending  all  the  way  from 
the  mouth  of  the  river  to  its  exit  through  the  eastern  passes.  The 
maximum  observed  westward  extension  of  the  muddy  water  was 
seme  five  miles  west  of  the  mouth  of  the  Connecticut  River. 

EAST-WEST  MASS  TRANSPORT 

In  this  Sound,  as  in  many  other  sounds  and  estuaries,  current 
profiles  of  the  sort  ahown  in  Fig,  7  generally  indicate  that  the  ebb 
is  stronger  than  the  flood  in  the  surface  layer  but  weaker  than  the 
flood  in  the  bottom  water.  Averaging  through  a  tidal  cycle  at  the 
particular  current  station  figured,  it  was  estimated  that  the  surface 
water  moved  6.5  km  east,  the  bottom  water  2.2  km  west,  giving  a 
total  divergence  of  8.7  km  or  4.7  nautical  miles  during  a  complete 
tidal  cycle. 

LeLacheur  and  Sammons  (1932)  described  an  extensive  set  of 
surface  current  measurements  at  Bartlett  Reef  Lightship  in  the 
eastern  end  of  the  Sound.  Their  series  extended  from  August  1929 
to  March  1930,  during  which  period  the  monthly  averages  for  nontidal 
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Figure  6.  Surface  temperature  (CC)  and  salinity  April  6  to  15,  1P53. 


depth  in  meters 
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Figure  7.  Observations  of  tidal  currents  at  an  anchor  station  In  east-central  Long  Island 
Sound  (Lat.  41811.0'2s',  Long.  72°20.4,W)  on  April  0  and  7,  195a.  Measurements  wore 
obtained  with  Pritchard  and  Burt  (1051)  current  crosses  at  ono-hour  intervals,  and  thn  two 
seta  of  profiles  shown  were  the  ones  newest  midebb  and  midflood. 

drift  were  invariably  southeasterly,  toward  the  mouth  of  the  Sound. 
Monthly  averages  ranged  from  5  cm/sec.  in  September  tc  14  cm/sec. 
in  January.  There  was  a  fairly  close  relationship  between  monthly 
variations  in  current  speed  and  the  discharge  from  the  Connecticut 
River  during  the  same  period,  as  reported  by  the  U.  S.  Geological 
Survey  Water  Supply  i'apers.  Studies  of  exchange  by  the  salt 
continuity  principle  (Riley,  1952)  indicated  a  similar  correlation,  and 
it  was  postulated  that  freshwater  drainage  controls  the  exchange  rate. 

The  total  freshwater  drainage  averages  about  35%  of  the  volume 
of  the  Sound  in  a  year's  time.  The  freshening  effect  observed  at 
any  one  time  is  slight,  which  means  in  essence  that  the  volume  of 
transport  exchange  is  much  larger  than  the  drainage  volume.  The 
salt  continuity  analysis  mentioned  above  indicated  that  the  total 
inflow  of  saline  water  along  the  bottom  amounts  to  some  3,8  times 
the  volume  of  the  Sound  in  a  year.  However,  this  gross  exchange 
rate  for  the  Sound  as  a  whole  is  not  necessarily  applicable  to  any 
particular  locality.  The  matter  needs  to  be  examined  more  fully,  with 
particular  emphasis  on  local  variations  in  transport  exchange,  because 
much  of  the  discussion  of  biological  and  chemical  oceanography  will 
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hinge  upon  the  relative  stability  or  mobility,  as  the  case  may  be,  of 
populations  and  chemical  elements.  Material  is  not  yet  available  for  a 
definitive  treatment  of  the  subject,  including  the  effects  of  both 
currents  and  diffusion.  However,  diffusion  appears  to  be  relatively 
insignificant  in  estuaries  (Pritchard,  1952),  so  that-  an  evaluation  of 
mass  transport  from  observed  currents  should  give  a  sufficiently 
accurate  estimate  of  exchange  for  present  purposes. 

Important  as  nontiual  transport  may  be,  its  actual  volume  is  small 
compared  with  ordinary  tidal  oscillations,  and  it  is  readily  modified 
by  winds  and  density  currents.  Variations  in  residual  flow  of  more 


Figure  8.  Position*  of  current  stations  (dots)  and  profiles  used  tn  the  calcolition  of 
east- west  transport. 


than  20%  have  been  noted  between  one  tidal  cycle  and  the  next  under 
conditions  that  seemed  to  be  reasonably  comparable.  Much  of  the 
available  station  data  includes  only  one  tidal  cycle.  Hence  there  is 
no  likelihood  that  all  of  the  observed  variation  from  one  station  to 
the  next  is  real.  The  problem  then  is  to  determine  whether  it  is 
possible,  by  statistically  combining  many  stations,  to  derive  a  con¬ 
sistent  pattern  of  mass  transport. 

Fig.  8  shows  a  pattern  of  stations  that  will  be  used  for  estimating 
east-west  transport  across  the  lines  indicated  in  this  figure.  The 
data  were  obtained  in  the  summers  of  1890,  1917,  1929  (LeLacheur 
and  Sammons,  1932)  and  1853.  The  published  data  listed  the  dura¬ 
tion  and  maximum  velocity  of  flood  and  ebb  at  the  surface  and  usually 
at  two  or  three  subsurface  levels.  Residual  transport  was  calculated 
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Figure  9.  Estimated  nontidai  drift  la  nautical  mfies  per  tidal  cycle  through  throe  of  the 
profiles  shown  la  Fig.  8.'  Positive  numbers  indicate  eastward  movement,  negative  numbers, 
wwtward. 

by  assuming  that  the  mean  velocity  was  two-thirds  the  maximum, 
multiplying  this  figure  by  the  duration,  and  then  taking  the  difference 
between  flood  and  ebb.  The  1953  data,  consisting  of  -half-hourly 
readings  at  four  to  six  depths,  were  numerically  integrated  through 
the  tidal  cycle.  Fig.  9  is  an  example  of  the  type  of  results  obtained. 
Transport  is  shown  in  nautical  miles  during  a  tidal  cycle  through 
three  of  the  profiles  previously  identified  by  lines  and  numbers  in 
Fig.  8. 

The  profiles  provide  a  basis  for  calculating  the  volume  transport 
through  successive  cross  sections  of  the  Sound,  However,  the  amount 
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of  ■variation  from  depth  to  depth  and  from  one  station  to  another 
introduces  a  subjective  element  into  the  interpolation.  The  results 
of  the  calculations,  which  must  be  regarded  as  tentative  because  of 
the  many  possible  sources  of  error,  are  presented  in  Table  III. 


TABLE  III.  Volume  Tranbpobt  in  M»  per  Second  through  Profiles  1  to  7  . 
(Fig.  8).  Positive  Numbers  Indicate  Eastward  Movement;  Neoattve 

Are  Westerly 


Depth 

M  eiers 

1 

£ 

S 

- Profile' 

A 

6 

6 

7 

0-5 

680 

740 

860 

2100 

4830 

7130 

9150 

5-10 

320 

540 

480 

760 

750 

4870 

4830 

10-15 

100 

-130 

-240 

-70 

-1460 

|  2130 

4910 

15-20 

— 

— 

-330 

—  840 

-1380 

20-30 

— 

— 

— 

-1390 

-2850 

-4100 

— 

30-10 

— 

— 

— 

— 

— 

-6840 

— 

40-50 

— 

— 

— 

— 

— 

-4070 

— 

Surface  layer 

1100 

1280 

1340 

2860 

5580 

14,130 

18,890 

Bottom  layer 

0 

-130 

-570 

-2300 

-5690 

-15,010 

— 

The  amount  of  bottom  inflow  at  profile  7  cannot  be  determined 
because  there  were  not  enough  deep  water  measurements.  At  profile 
6  the  bottom  transport  is  about  15,000  m!/sec,,  and  it  declines  steadily 
to  zero  at  the  western  end.  Clearly  the  attrition  of  the  bottom  layer 
is  due  to  upwelling,  with  corresponding  augmentation  of  the  surface 
transport.  The  calculated  mean  rate  of  upwelling  required  to  satisfy 
the  principle  of  mass  continuity  is  very  small.  In  most  of  the  central 
and  western  part  of  the  Sound  it  is  of  the  order  of  5  to  8  cm/month  and 
increases  eastward  to  a  maximum  of  about  45  cm  in  the  vicinity  of  the 
passes. 

It  would  appear  that  about  1100  m’/sec.  enter  the  western  end  of 
the  Sound  and  flow  eastward  as  part  of  the  surface  layer.  The  latter 
is  further  augmented  by  freshwater  drainage,  amounting  to  about  300 
mVsec.  in  summer  in  the  whole  of  the  Sound.  Thus  the  surface 
outflow  at  the  eastern  end  should  exceed  the  inflow  by  about  1400 
m*/sec.,  but  the  transport  estimates  are  not  accurate  enough  to  show 
this. 

Fig.  10  ib  a  diagram  of  transport-  exchange  derived  by  combining 
theoretical  considerations  and  calculated  transport.  The  difference 
between  surface  and  bottom  flow,  1100  m*/sec.  at  the  western  end  of 
the  Sound,  gradually  increases  to  1400  m3  in  an  easterly  direction  in 
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Figure  10.  Calculated  eastward  surface  transport  (dots)  and  westward  bottom  transport 
(circles),  and  ft  schematic  transport  diagram  derived  from  the  calculations. 

accordance  with  the  known  addition  of  fresh  water.  The  total 
exchange  increases  as  a  smooth  curve  that  is  fitted  as  well  as  can  be 
to  the  calculated  transport  data.  The  results,  which  appear  to  bo 
internally  consistent,  agree  more  or  less  with  previous  calculations 
of  inflow  by  the  salt  balance  method.  The  latter  gave  a  generalized 
estimate  of  8400  m*/sec.  during  the  summer  of  1940,  a  figure  that  falls 
within  the  limits  of  variation  of  observed  transport,  as  might  be 
expected. 

Fig.  10  indicates  that  transport  declines  rapidly  toward  the  central 
area,  which  is  particularly  concerned  in  the  present  survey.  Three 
months  appear  to  be  required,  on  the  average,  for  bottom  water 
to  m  vre  through  the  20  minutes  of  longitude  occupied  by  the  eight 
routine  .stations  in  the  central  basin,  two  months  for  the  eastward 
transport  of  surface  water.  Obviously  small  parcels  of  water  can 
be  expecu  \  to  move  through  the  area  much  more  rapidly  than  the 
general  a  *age.  Nevertheless,  the  central  water  mass  appears  to 
be  much  hur  mobile  than  might  have  been  supposed  on  the  basis  of 
salt  balance  calculations  for  the  Sound  as  a  whole. 

There  is  the  further  implication  in  these  results  that  freshwater 
dilution  of  the  central  and  western  parts  of  the  Sound  is  largely  of 
local  origin.  If  any  considerable  fraction  of  the  drainage  from  the 
large  eastern  rivers  penetrated  into  the  central  basin,  the  compensating 
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Figure  11.  Longitudinal  proBlra  of  temperature  (®C)  and  salinity  C°/=>)  In  Long  Island 
BouncL 


transport  would  have  to  bo  much  larger.  So  far  as  direct  observa¬ 
tions  are  concerned,  no  evidence  has  thus  far  been  found  either  of  a 
coastwise  density  current  originating  at  the  mouth  of  the  Connecticut 
River  or  of  offshore  eddies  moving  west  from  the  main  mass  of  river 
outflow. 

Fig.  11  shows  two  sets  of  longitudinal  profiles  of  temperature  and 
salinity.  They  are  included  here  rather  than  in  the  section  i  n  hori¬ 
zontal  distribution  for  convenient  examination  of  the  relations  •>  etween 
mass  transport  and  the  distribution  of  conservative  propertie;.  The 
salinity  diagrams  clearly  show  the  westward  penetration  o*  saline 
water  along  the  bottom  as  well  as  the  resulting  -lope  of  the  iiuhalipe 
surfaces.  There  are  a  few  isolated  pockets  of  water  of  different 
salinity  that  suggest  variations  in  transport  of  one  kind  or  another. 
There  are  also  indications  in  routine  station  data  for  the  central  part 
of  the  Sound  that  the  influx  of  saline  bottom  water  may  be  somewhat 
intermittent. 

The  effects  of  east-west  transport  may  be  detected  in  the 
ture  distribution  during  the  autumn  cruise  (see  Fig.  11),  but  l  ey  am 
not  apparent  in  the  spring  cruise.  In  general,  local  surface  luatu'7 
and  cooling  are  more  important  than  transport'  in  determir  i.:g  the 
character  of  the  temperature  distribution.  In  the  next  sectiur..  mea- 


32  Bulletin  of  the  Bingham  Oce.anogra'phic  Collection  [XV 


temperature  data  in  the  central  part  of  the  Sound  will  be  used  to 
calculate  coefficients  of  vertical  eddy  conductivity.  The  calculation 
will  assume  that  the  effects  of  transport  and  horizontal  diffusion  are 
negligible.  The  seasonal  rate  of  change  in  temperature  is  many  times 
larger  than  any  changes  that  could  be  produced  by  average  east-west 
transport.  To  that  extent  the  assumption  is  justified.  However, 
it  is  apparent  in  examining  Fig.  11  that  more  serious  errors  of  a  degree 
or  two  in  a  week  might  occur  if  there  were  occasional  large  fluctuations 
in  the  rate  of  movement.  Such  errors  can  be  eliminated  only  by 
averaging  the  data  for  periods  of  several  weeks  or  months. 

VERTICAL  EDDY  CONDUCTIVITY 


The  seasonal  temperature  progression  and  the  vertical  temperature 
gradients  provide  information  that  can  be  used  to  determine  eddy 
conductivity  coefficients.  Their  evaluation  at  this  time  will  illustrate 
certain  aspects  of  the  thermal  cycle  in  the  Sound  and  will  provide 
data  for  later  analyses  of  nutrient  and  production  problems.  The 
later  applications  will  presuppose  that  coefficients  of  vertical  eddy 
conductivity  are  the  same  as  the  diffusivity  coefficients,  This  is 
a  debatable  point.  There  are  certain  theoretical  reasons  for  believing 
that  thermal  coefficients  should  be  larger.  On  the  other  hand,  Riley 
(1051)  examined  eddy  coefficients  calculated  from  both  temperature 
and  salinity  distribution  and  detected  no  essential  difference.  There 
is  undoubtedly  less  error  in  using  temperature  for  this  purpose  than 
in  attempting  the  more  complicated  and.  unwieldy  determination  of 
eddy  diffusivity  as  indicated  by  salinity  distribution. 

Ignoring  the  effects  of  adveetion  and  horizontal  mixing,  the  vertical 
flux  of  heat  attendant  upon  surface  heating  and  cooling  may  be  written 


F  is  the  rate  of  passage  of  heat  through  one  square  centimeter  of 
horizontal  surface  at  any  specified  depth.  A  is  the  coefficient  of 
eddy  conductivity,  p  the  density,  and  d  T/d  z  the  vertical  temperature 
gradient. 

Under  the  simplifying  assumptions  that  have  been  adopted,  the 
heat  flux  is  readily  obtained  from  observed  water  temperatures, 
Suppose  that,  in  a  total  depth  of  water  of  20  m,  the  lower  10  m  in¬ 
creases  half  a  degree  in  a  week's  time.  The  amount  of  heat  that  has 
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passed  through  1  cm2  of  horizontal  area  at  a  depth  of  10  m  is  590  g 
cal.,  fthd 

5  CO 

F  —  - - -  =  0.8-3  X'  10-8  g  cal /sec. 

7  X  86400 

Further,  suppose  that  during  this  time  the  temperature  in  the  vicinity 
of  the  10  m  level— say  between  8  and- 12  m — has  shown  an  average 
negative  gradient  of  0.5°  C  in  the  4  m  interval.  The  density  is  about 
1.02.  Applying  equation  (1)  in  finite  difference  form. 


0,83  X  10-3  = 


-A 

To  2 


—  0.5 
4  X  102  ’ 


A  =  0.68  g  cm"Isec_1. 


In  applying  this  method  to  the  seasonal  temperature  cycle  in  the 
Sound,  it  is  necessary  to  develop  an  analysis  that  takes  due  account 
of  both  the  inherent  limitations  of  the  data  and  the  further  uses  for  the 
calculated  coefficients.  First,  it  is  apparent  that  relatively  small 
sampling  and  analytical  errors  can  assume  serious  proportions  in 
any  calculation  requiring  the  use  of  gradients.  The  only  way  to 
minimize  such  errors  is  to  combine  data.  It  is  therefore  advisable 
to  calculate  average  coefficients  over  considerable  perods  of  time 
and  also  to  combine  stations  when  this  can  be  done  in  a  reasonable 
way.  In  the  present  case,  Sts.  1,  7,  and  8  are  of  comparable  depth 
and  will  be  combined  into  a  single  analysis.  Also  Sts.  2  and  4  will 
be  combined,  as  will  Sts.  3  and  5.  The  fact  that  the  stations  in  each 
group  are  of  similar  depth  is  important  for  present  purposes,  and  there 
is  another  and  more  practical  reason  for  combining  them  in  this  way. 
Oxygen  and  phosphorus  were  sampled  at  approximately  the  same 
depths  within  each  of  the  proposed  groups,  It  will  be  necessary 
later  to  calculate  the  rate  of  exchange  of  these  elements  between 
the  depths  sampled,  and  therefore  the  eddy  coefficients  must  be 
calculated  for  the  same  depth  ranges.  This  .is  done  by  averaging 
vertical  temperature  gradients  between  0  ana  5  m,  5  and  10  m,  etc., 
and  determining  the  heat  flux  through  the  midpoints  of  each  stratum, 
namely  2.5,  7.5,  and  15  m.  This  operation  is  facilitated  by  the  fact 
that  temperatures  were  obtained  from  bathythermograms  and  could 
be  read  easily  at  any  desired  depth. 

With  regard  to  the  seasonal  cycle,  eddy  coefficients  are  most  easily 
obtained  during  the  spring  and  summer  warming  period,  when  vertical 
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temperature  gradients  are  fairly  pronounced.  This  period  may  be 
analyzed  as  a  wlHe  or  broken  up  into  smaller  units.  With  later 
biological  needs  in  mind,  it  was  desirable  to  divide  into  three  units. 
The  first  was  relatively  short,  encompassing  the  spring  diatom  flower¬ 
ing  or  as  much  of  it  as  occurred  within  the  limits  of  vernal  warming. 
The  remainder  was  divided  into  two  approximately  equal  periods, 
the  first  constituting  post-fioweriog  spring  conditions,  the  second 
including  most  of  the  summer. 

About  the  middle  of  August  or  the  first  of  September,  the  water 
column  began  to  cool  from  surface  to  bottom.  Vertical  temperature 
gradients  were  small  and  variable,  but  the  average  condition  for  the 
next  three  months  was  a  slight  negative  gradient.  Under  such 
conditions  vertical  eddy  conductivity  could  not  be  calculated  and 
probably  -was  leas  important  than  convection  in  controlling  the  seasonal 
temperature  change. 

During  the  remainder  of  the  cooling  period,  from  mid-November 
until  late  winter,  the  common  condition  was  isothermal  water  or  a 
slight  positive  gradient.  Coefficients  of  eddy  conductivity  could  be 
Hlculated,  but  they  tended  to  be  large  and  highly  variable.  What 
appeared  to  be  u  reasonable  average  could  be  obtained  by  combining 
large  quantities  of  data,  although  there  is  some  liklihood  that  con¬ 
vection  continued  to  be  important  during  this  period.  With  reserva¬ 
tions  because  of  ths  possibility  of  error,  generalized  averages  for 
winter  eddy  conductivity  are  as  follows:  0  to  5  m,  24  g  cm-1sec.“l; 

TABLE  IV.  CosmciErns  op  Vertical  Eddy  Conductivity  (o  cn-1ssc-1) 
CiJXULATXD  TOOK  UBSUBYED  TEKFEBATtTlE  DISTRIBUTION  AND 

Seasonal  Ctclss 


Stations 

Depth  range 
in  meters 

0-5 

7,  5— 

6-9 

0-5 

— £»  4— 

5-10 

10-20 

OS 

— SS- 

5-15 

15-25 

1052 

Mar.  5-May  21 

1.36 

0,51 

1.76 

1.80 

1.16 

2.12 

2.08 

0.96 

May  21-Aug.  19 

0.85 

0.22 

0.75 

o.es 

2.62 

1.40 

1.33 

2.77 

1053 

Feb.  10-Mar.  10 

2.13 

3.55 

1.05 

1.26 

2.70 

1.10 

1.62 

2.70 

Mar.  16-May  18 

1.10 

0.35 

0.73 

0.79 

3,39 

1.90 

1.75 

1.97 

May  18-Aug.  :?5 

0.35 

0. 10 

0.79 

0.92 

1.30 

2.16 

1.34 

1.41 

1054 

Jan.  25  -Feb.  24 

5.5 

1.81 

1.13 

2.26 

2.33 

6.1 

0,1 

2.60 
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5  to  12.5  m,  0.8;  12.5  tu  20  or  25  m,  9.0.  These  figures  are  based  on  all 
available  station  data  from  mid-November  until  the  end  of  the  winter 
cooling  period  for  both  yeans  of  observation.  Calculated  values  for 
the  spring-summer  warming  period  are  shown  in  Table  FV.  All  of 
these  coefficients  are  much  less  than  those  in  winter.  Minimum  values 
are  found  in  the  surface  layer  or  at  mid-depths,  depending  'pon  the 
position  of  the  thermocline.  The  coefficients  are  not  seriously  reduced 
in  the  deepest  water  examined,  presumably  because  of  strong  tidal 
mixing. 


RADIATION  AND  TRANSPARENCY 
Radiation 

Data  on  total  daily  radiation  in  g  cal/cm1  are  recorded  by  the  U.  S. 
Weather  Bureau  at  two  stations  on  Long  Island.  Local  variations 
are  important  enough  so  that  it  was  desirable  to  obtain  estimates 
of  radiation  nearer  the  scene  of  oceanographic  operations.  The  New 
Haven  Weather  Bureau  is  favorably  situated  but  records  only  the 
number  of  hours  of  sunshine  and  the  amount  of  cloud  cover.  How¬ 
ever,  statistical  analysis  of  a  two-year  set  of  data  from  New  York 
City  indicated  that  measurements  of  the  total  amount  of  sunshine 
recorded  at  New  York  could  be  converted  to  estimates  of  total 
radiation  with  sufficient  accuracy  for  present  purposes.  The  analysis 
was  not  significantly  improved  by  including  a  term  for  percent  of 
cloud  cover,  presumably  because  the  effect  of  clouds  on  radiation 
depends  more  upon  their  quality  than  upon  the  total  amount. 

In  estimating  total  radiation  for  the  New  Haven  area,  the  per¬ 
centages  of  total  possible  sunshine  were  averaged  for  the  periods 
between  successive  weekly  cruises  and  applied  to  a  graph  constructed 
on  the  basis  of  the  New  York  analysis,  The  graph  contained  a 
systematic  correction  for  the  effects  of  metropolitan  haze  in  New 
York,  which  was  obtained  by  adjusting  the  New  York  figures  to  the 
mean  values  obtained  at  the  Long  Island  Stations.  The  net  result  is 
that  New  Haven  estimates  may  contain  a  small  systematic  error,  but 
fluctuations  from  week  to  week  in  the  area  of  oceanographic  operations 
should  be  relatively  accurate.  Fig.  12 A  shows  the  radiation  estimates 
for  New  Haven,  together  with  monthly  averages  of  the  pyrhcliometric 
measurements  at  the  two  Long  Island  stations. 
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Figure  12,  t**..  Direct  plus  diffuse  goAt  nuii&ticn,  Dots  &nd  circles  are  monthly  aversiges 

of  pyrfcoliometric  measurements  by  the  U.  S,  Weather  Bureau  at  two  stations  on  Long 
Island.  Solid  line  shows  weekly  overages  of  estimates  obtained  for  the  Xew  Wawy  area  by 
methods  described  in  the  text,  B.  Estimates  of  average  extinction  coeffirianta  In  the  in¬ 
shore  and  offshore  waters  based  on  Secchi  disc  readings. 

Measurement  of  Transparency 
Two  methods  have  been  used  to  measure  the  transparency  of  Long 
Island  Sound  waters,  The  first  is  the  so-called  Secchi  disc  reading; 
a  2u  cm  white  disc  is  lowered  in  the  water,  and  the  mean  depth  of 
disappearance  and  reappearance  is  recorded.  Results  are  shown  in 
Fig.  12B  as  estimated  average  extinction  coefficients  at  inshore  and 
offshore  stations,  determined  by  application  of  the  Poole  and  Atkins 
(1929)  formula, 


(2) 
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where  K  is  the  extinction  coefficient  per  meter  and  D  is  the  Secchi 
disc  depth  in  meters.  The  second  measurement  was  a  photoelectric 
determination  of  the  extinction  coefficient  of  red  light  in  each  water 
sample,  using  a  Klett  65  filter,  with  ordinary  laboratory  distilled 
water  as  the  reference  blank.  The  primary  purpose  was  to  obtain 
a  correction  factor  for  turbidity  in  colorimetric  determinations  of 
phosphate.  The  measurements  were  made  in  a  4  cm  cell,  which  is 
not  long  enough  for  highly  accurate  determination  of  transparency. 
Nevertheless,  they  are  useful  for  detecting  gross  changes  in  trans¬ 
parency  with  depth. 

In  other  papers  of  this  series  it  will  be  necessary  to  calculate  the 
light  intensity  at  various  depths.  In  general,  the  Secchi  disc  readings 
are  sufficient.  However,  in  particular  cases  the  extinction  coefficients 
varied  so  markedly  with  depth  that  a  correction  factor  seemed  desirable 
if  it  could  be  obtained  in  a  reasonable  way  According  to  Jerlov 
(1951),  the  two  types  of  measurements  are  not  strictly  comparable. 
Moreover,  a  measurement  with  red  light  minimizes  the  effect  of 
dissolved  “yellow  Bubstance”.  Notwithstanding  these  technical  ob¬ 
jections,  there  is  a  moderately  satisfactory  empirical  relation  between 
the  two  sets  of  measurements.  Statistical  comparison  of  some  460 
surface  water  extinction  coefficients  with  the  corresponding  Secchi 
disc  readings  show's  a  correlation  of  0.74  and  yields  the  equation 

K  =  .96 Kx  +  .246  ,  (3) 

where  K  is  derived  from  the  Secchi  disc  reading  according  to  equation 
(2)  and  Ki  is  the  extinction  coefficient  for  red  light  as  determined  above. 

Analysis  of  Factors  Influencing  Transparency 

It  has  been  recognized  for  many  jears  that  light  extinction  in 
sea  water  is  a  complex  process  involving  absorption  and  scattering 
by  the  water,  dissolved  solids,  and  a  variety  of  suspensoids.  The 
latter  include  plankton,  planktogenic  detritus,  and — particularly 
near  land — bottom  sediments  in  suspension  and  particles  of  terrestrial 
origin. 

In  Long  Island  Sound  all  of  these  factors  are  expected  to  be  opera¬ 
tive.  In  waters  of  this  type,  no  one  has  tried  very  hard  to  formulate 
a  quantitative  expression  for  the  various  factors  that  govern  trans¬ 
parency,  although  it  is  not  only  a  problem  of  considerable  intrinsic 
interest  but  also  has  an  important  bearing  on  several  aspects  of 
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biological  oceanography.  Sufficient  data  have  now  been  amassed 
for  a  cursory  analysis  of  transparency  in  the  central  part,  of  the  Sound. 

First  to  be  considered  is  the  general  problem  of  absorption  and 
scattering  of  light  by  plankton.  Rodhe  (1948)  and  others  have 
measured  the  extinction  coefficients  of  pure  algal  cultures  and  have 
found,  in  any  one  species,  a  nearly  linear  relationship  between  ex¬ 
tinction  and  cell  number  or  chlorophyll  concentration.  Clarke  (1946) 
compared  pigment  measurements  of  natural  phytoplankton  popula¬ 
tions  on  Georges  Bank  with  Secchi  disc  estimates  of  transparency  and 
demonstrated  a  significant  relationship  between  them.  In  an  attempt 
to  refine  this  comparison,  Fig.  13  presents  a  group  of  data  that  is 
believed  to  represent  the  relation  in  its  simplest  possible  form,  namely 
(a)  observations  during  the  spring  flowering  on  Georges  Bank,  a 
period  when  a  rapid  reduction  in  transparency  coincided  with  the 
increase  in  phytoplankton,  and  (b)  all  available  observations  in  deep 
oceanic  waters,  where  it  may  be  presumed  that  particulate  matter  of 
nonplankton  origin  is  minimal.  Phytoplankton  concentrations  are 
expressed  as  Harvey  units  of  plant  pigments  per  liter,  a  type  of  meas¬ 
urement  that  will  be  discussed  in  the  next  paper  of  this  series.  The 
extinction  coefficients  ware  obtained  photometrically  in  a  few  cases, 
but  most  of  the  values  are  converted  from  Secchi  disc  readings  ac¬ 
cording  to  equation  (2). 

The  sernilngarithmic  plot  in  Fig.  13A  is  necessary  in  order  to  picture 
the  total  range  of  phytoplankton  variations,  which  encompass  more 
than  three  orders  of  magnitude.  However,  the  method  of  presenta¬ 
tion  obscures  the  form  of  the  relationship.  Hence  the  smooth  curve 
that  has  been  fitted  to  the  data  is  repeated  in  arithmetic  form  in 
Fig.  13B.  There  it  is  apparent  that,  unlike  algal  cultures,  the  relation 
between  phytoplankton  concentrations  and  extinction  coefficients  in 
the  sea  is  nonlinear. 

The  smooth  curve  in  Fig.  13  corresponds  to  the  equation 

K  =  .04  +  2  X  10“»  P  +  2  X  10"*  P *'• ,  (4) 

where  K  is  the  extinction  coefficient  and  P  is  Harvey  units  of  plant 
pigments  per  cubic  meter.  The  constant  in  the  equation  is  an  average 
absorption  coefficient  "for  visible  light  in  pure  water.  The  terms  for 
plant  pigments  were  derived  empirically  as  a  reasonable  fit  for  the 
data  in  Fig.  13  and  other  more  recent  observations  that  should  be 
considered  in  this  connection. 


EXTINCTION  COEFFICIENT 

■ 

Figure  13.  Relationship  between  extinction  coefficients  and  phytoplankton  pigments  as 
determined  by  the  Harvey  method  (1634).  A.  Semilogarithmic  plot  of  observations  obtained  ') 

In  the  Sargasso  Sea  (dots),  continental  slope  waters  oS  the  New  England  coast  (circles),  and  A 

the  spring  flowering  period  of  March  and  April  on  Georges  Bank  (s’s).  B,  Arithmetic  plot  3 
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Most  of  the  ree-cnt  observations  in  Long  Island  Sound  have  been 
measurements  of  chlorophyll  rather  than  total  plant  pigments.  By 
applying  an  average  conversion  factor,  equation  (4)  is  translated  to 

K  =  .04  +  .0088C  4-  .054CI/S ,  (5) 

•where  C  is  Mg  of  chlorophyll  a  per  liter. 

Observed  values  of  K  in  the  Sound  have  ranged  between  0.25  and 
2.0  except  during  red  tides  in  New  Haven  Harbor  (Conover,  1954), 
when  a  maximum  of  5.5  was  obtained.  Application  of  equation  (5) 
indicated  that  phytoplankton  accounted  for  a  considerable  fraction 
of  the  total  extinction.  However,  the  observed  values  were  almost 
invariably  larger  than  the  estimates  derived  according  to  equation 
(5).  The  difference  averaged  0.45,  with  a  standard  deviation  of 
0.23.  It  seems  likely  that  most  of  this  additional  absorption  and 
scattering  was  due  to  the  presence  of  silt,  suspended  bottom  materials, 
and  planktogenic  detritus  held  in  suspension. 

In  a  series  of  eight  red  tide  observations,  with  extinction  coefficients 
ranging  from  1.12  to  5.5,  the  average  difference  between  observed 
and  calculated  coefficients  wao  0.37,  or  approximately  the  same  as 
that  obtained  for  the  data  as  a  whole.  Tim  maximum  chlorophyll 
concentration  was  314  Mg/1,  over  20  times  the  largest  value  in  Fig.  13 
and  yielding  an  estimated  extinction  coefficient  of  5.3  by  application 
of  equation  (5).  Thus  the  latter  appears  to  account  for  the  effect 
of  phytoplankton  on  extinction  with  a  reasonable  degree  of  accuracy 
throughout  the  entire  range  of  observed  variation. 

In  further  examination  of  the  nonlinear  tendencies  in  Fig.  13, 
the  best  straight  line  fit  was  calculated  and  then  extrapolated  to  the 
level  of  the  red  tide  observations.  With  a  chlorophyll  concentration 
of  314  Mg/1,  the  estimated  extinction  coefficient  had  a  fictitiously 
high  value  of  8.5.  Alternatively,  a  straight  line  fitted  to  all  data, 
including  red  tide  observations,  would  seriously  overrate  the  phyto¬ 
plankton  effect  in  very  transparent  ocean  waters  and  underrate  it  in 
waters  with  moderately  high  extinction  coefficients  of  0.5  to  1.0. 

There  remains  the  question  of  the  reason  for  differences  between 
natural  phytoplankton  populations  and  pure  algal  cultures.  In  the 
latter,  both  scattering  and  absorption  are  expected  to  be  proportional 
to  cell  number,  so  that  the  results  approximate  Beer's  law,  although 
the  process  is  much  more  complicated  than  in  the  case  of  materials 
in  solution.  In  a  mixed  phytoplankton  population  containing  cells 
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of  various  shapes,  sizes,  and  optical  properties,  the  relations  between 
scattering  and  absorption  are  likely  to  be  seriously  altered.  The 
pigment  concentration  is  roughly  correlated  with  the  volume  of  cell 
material;  hence  it  might  be  expected  to  serve  as  an  index  of  absorp¬ 
tion.  The  details  of  the  scattering  process  are  not  understood, 
but  probably  it  is  primarily  a  function  of  the  area  of  the  cells  rather 
than  of  their  volume.  This  is  sufficient  reason  for  the  relation  between 
phytoplankton  and  extinction  coefficients  to  be  much  less  precise  in 
the  sea  than  in  pure  laboratory  cultures.  Moreover,  it  seems  to 
be  true,  as  a  broad  generalization,  that  naked  flagellates  and  other 
small  species  are  more  nearly  constant  in  number  than  diatoms  and 
other  large  species.  The  latter  dominate  the  flowerings  but  are  of 
little  significance  when  the  total  population  is  small.  Thus  the  ratio 
of  total  area  to  total  volume  teuds  to  decrease  as  the  population 
increases.  Whether  this  is  a  satisfactory’  explanation  of  the  non¬ 
linear  tendencies  in  Fig.  13  will  require  further  investigation.  What¬ 
ever  may  be  the  full  explanation,  equation  (6)  presents  a  sufficiently 
accurate  account  of  the  relationship  to  provide  an  entering  wedge  for 
the  investigation  of  the  other  factors  that  are  involved  in  the  trans¬ 
parency  of  coastal  w’atens. 

It  haa  been  suggested  above  that  bottom  materials  and  other  non¬ 
living  particulate  matter  are  responsible  for  the  difference  between 
observed  extinction  coefficients  in  the  Sound  and  the  calrdated 
extinction  by  phytoplankton  cells.  If  this  is  so,  there  should  be  a 
correlation  with  winds,  depth  of  water,  and  other  factors  that  affect 
the  suspension  and  settling  rates  of  such  materials. 

A  relationship  between  transparency  and  depth  of  water  is  indicated 
by  inspection  of  inshore  and  offshore  averages  in  Fig.  12B.  The 
correlation  is  significant.  Within  the  depth  range  of  the  stations 
occupied,  namely  4  to  30  m,  the  statistically  computed  correction 
factor  is  —  0.01  d.  In  other  words,  there  is  an  average  decrease 
of  0.01  in  the  extinction  coefficient  per  increase  of  one  meter  in  the 
depth  of  the  station.  The  computation  makes  due  allowance  for 
differences  in  phytoplankton  concentration  anu  thus  it  is  intended 
to  express  the  relation  between  depth  and  non-living  suspended  matter. 

At  certain  stations  the  occurrence  of  surface  eddies  of  reduced 
salinity  coincided  with  low  Secchi  disc  readings.  There  is  no  doubt 
that  silt  effects  are  appreciable  in  the  Sound.  However,  the  obvious 
effects  in  the  central  basin  are  of  limited  area,  and  general  correlations 
with,  recent  rainfall  arc  too  low  to  warrant  inclusion  in  the  analysis. 
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In  considering  the  effects  of  -wind,  it  was  apparent  that  transient 
storms  might  reduce  the  transparency  materially,  while  the  average 
wind  speed  over  a  longer  period  might  also  be  important  in  controlling 
the  suspension  of  fine  materials.  In  investigating  this  problem,  the 
mean  wind  speed  was  tabulated  for  the  day  of  observation  as  well  as 
the  preceding  day,  the  preceding  week,  and  month.  The  means 
were  then  correlated  with  a  residual  extinction  coefficient,  obtained 
by  removing  the  chlorophyll  and  depth  effects  from  the  observed 
extinction  coefficients  and  averaging  the  residuals  for  each  of  the  96 
days  of  observation.  All  correlations  were  statistically  significant. 
The  mean  wind  during  the  preceding  week  yielded  the  highest  cor¬ 
relation  and  was  adopted  for  subsequent  analysis. 

It  is  expected  that  the  stirring  action  of  the  wind  will  be  materially 
reduced  by  vertical  stability.  Using  the  difference  between  bottom 
and  surface  density  as  a  rough  expression  of  stability,  it  was  possible 
to  demonstrate  a  small  but  significant  negative  correlation  with 
residual  extinction  coefficients.  However,  to  be  satisfactory  from  the 
physical  oceanographic  point  of  view,  wind  and  stability  should  be 
combined  into  a  single  expression  which  recognizes  the  existence 
of  a  stirring  effect  in  water  of  indifferent  stability  and  a  gradual 
reduction  of  that  effect  with  increasing  stability.  Development  of 
such  an  expression  would  be  facilitated  by  a  more  precise  knowledge 
of  the  nature  of  the  physical  relationship.  Alternatively,  by  trial 
and  error  and  using  statistical  methods  to  test  the  results,  it  was 
possible  to  formulate  an  expression  that  was  empirically  satisfactory 
but  not  necessarily  correct  from  a  physical  standpoint.  It  was 
.018  W/.3  +  A ffh  where  W  is  the  mean  wind  speed  in  miles  per  hour 
during  the  week  preceding  the  observation,  Act,  the  mean  increase 
in  density  from  surface  to  bottom  at  the  beginning  and  end  of  the 
week. 

Tidal  currents  also  presumably  affect  transparency  in  shallow 
coastal  waters.  Mean  tidal  currents  have  been  computed  from  data 
on  tidal  height  in  the  Sound  (Riley,  1952).  In  the  central  region 
the  current  speed  is  19  cm/sec.,  averaged  through  a  complete  tidal 
cycle  at  a  time  of  a  verage  tidal  height,  The  total  variation  between 
lowest  neaps  and  highest  spring  tides  is  about  13  to  28  cm/sec.  Tidal 
currents,  estimated  from  the  predicted  height  of  the  tide  for  the  two- 
year  period  of  the  investigation  were  averaged  by  weeks.  There 
was  a  significant  correlation  between  residual  transparency  and  the 
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mean  current  speed  during  the  preceding  week,  and  the  average  effect 
was  computed  to  be  .013  v,  where  a  is  the  average  current  in  centi¬ 
meters  per  second.  There  was  no  evidence  that-  the  tidal  factor 
was  significantly  modified  by  variations  in  vertical  stability,  although 
observations  at  current  stations  suggested  that  stability  has  a  slight 
effect  on  the  vertical  velocity  gradient. 

Finally,  inspection  of  the  data  indicated  an  increase  in  residual 
extinction  coefficients  during  the  summer  months  which  could  not 
be  accounted  for  by  any  of  the  variables  thus  far  examined,  Two 
possible  explanations  may  be  offered.  First,  there  is  a  seasonal 
variation  in  the  ratio  of  chlorophyll  content  to  phytoplankton 
organic  matter  (see  the  accompanying  paper  by  Harris  and  Riloy), 
so  that  chlorophyll  may  not  be  entirely  acceptable  as  an  index  of 
light  extinction  by  phytoplankton.  In  the  second  place,  there  is 
evidence,  visual  and  otherwise,  of  considerable  quantities  of  organic 
detritus  in  the  water  during  the  summer.  Nets  are  often  dogged 
with  slimy  brown  material  containing  little  recognizable  plant  sub¬ 
stance.  It  is  apparent  (see  the  accompanying  paper  on  Production 
and  Utilization)  that  a  considerable  proportion  of  the  spring  phyto¬ 
plankton  growth  settles  to  the  bottom  and  is  not  immediately  decom¬ 
posed.  Summer  on  the  other  hand  is  &  period  of  active  bacterial 
growth,  accompanied  by  reduced  oxygen  in  the  lower  part  of  the  water 
column  and  increasing  phosphate  concentrations.  Bacterial  activity 
appears  to  exceed  production,  and  presumably  the  excess  spring  growth 
is  largely  decomposed  during  this  period.  The  bottom  appears  to  be 
a  more  important  site  of  decomposition  than  the  water  column,  but  in 
both  cases  the  intermediate  steps  la  decomposition  can  be  expected  to 
produce  light,  finely  divided  material  that  is  easily  carried  in  suspen¬ 
sion. 

Both  of  the  phenomena  that  have  been  described  might  be  expected 
to  influence  transparency,  although  neither  can  be  rated  precisely 
in  quantitative  terms,  Examination  of  the  data  shows  that  the 
summer  increase  in  residual  extinction  coefficients  is  approximately 
proportional  to  the  oxygen  deficit,  defining  the  latter  as  the  percent 
underaaturation  of  the  bottom  water  or  the  percent  difference  between 
surface  and  bottom  when  the  surface  layer  is  undersaturated.  It  is 
statistically  justifiable  to  use  the  oxygen  deficit  in  the  analysis,  but 
with  some  reservations  as  to  the  meaning  and  validity  of  the  term. 

The  final  form  of  the  equation  may  now  be  written 
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K  -  f(C)  -  .Old  +  .018 - 4-  .013o  -r  ,00  65/(03)  -f  .05  .  (6) 

.3  4-  A  trt 

The  chlorophyll  relationship  in  equation  (5),  but.  not  including  the 
constant,  is  specified /(Cj,  and  the  percentage  deficit  of  oxygen  that 
has  just  been  described  is  written  /(02).  Other  factors  have  been 
sufficiently  described  above.  The  final  constant  is  statistically 
derived.  It  differs  little  from  the  absorption  coefficient  for  pure 
water,  but  the  form  of  the  equation  is  such  that  this  fact  has  little 
significance. 

Discussion' 

Fig.  14A  compares  observed  and  calculated  extinction  coefficients, 
and  Fig.  14B  shows  the  seasonal  variation  in  the  individual  com¬ 
ponents  of  equation  (6).  There  is  a  correlation  of  0.66  between 
observed  and  calculated  values.  The  correlation  is  highly  significant 
statistically  but  not  very  precise  by  absolute  standards.  The  general 
seasonal  trend  of  the  calculated  curve  is  realistic,  but  short  period 
fluctuations  show’  considerable  error.  Perhaps  the  agreement  would 
have  been  closer  if  a  more  accurate  method  had  been  used  to  measure 
transparency.  Other  random  errors  undoubtedly  result  from  local 
variability  in  density,  oxygen,  etc.  Observations  at  five  stations 
can  hardly  be  expected  to  give  typical,  average  values  for  the  region 
on  a  particular  date. 

In  particular  cases  there  are  readily  observable  reasons  for  disagree¬ 
ment.  For  example,  on  January  27  end  December  16,  1953,  the 
observed  extinction  coefficients  exceeded  the  calculated  ones  by  about 
0.50.  Both  sets  of  observations  were  preceded  by  heavy  northwest 
storms.  In  both  cases  it  was  only  the  northern  inshore  stations 
that  were  seriously  affected.  In  other  words,  immediate  wind  effects 
can  be  more  important  than  is  indicated  by  general  statistical  com¬ 
parison.  However,  to  fit  them  into  the  general  equation  would 
require  an  elaborate  treatment  of  both  the  speed  and  direction  of 
the  wind  in  relation  to  the  particular  area  sampled. 

With  the  possible  exception  of  the  phytoplankton  treatment,  all 
of  the  terms  in  equation  (6)  are  of  local  significance  only.  Depth, 
current,  and  wind-stability  factors  presumably  are  subject  to  great 
variation  according  to  the  kind  of  bottom  sediments  available  for 
suspension.  This  would  introduce  an  element  of  empiricism  even 
if  the  physical  oceanographic  processes  were  expressed  in  a  fully 
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Figure  14.  A.  comparison'  of  weekly  averages  of  tbe  observed  extinction  coeffldents  In 
central  Long  Island  Sound  with  average  values  calculated  from  equation  (0).  B.  Relative 
importance  of  the  Individual  components  in  equation  (3).  Positive  factors  are  plotted  ora 
above  the  other.  Thus  the  uppermost  curve  represents  the  sum  of  all  four  pcritlve  factors, 
and  the  calculated  extinction  coefficient  la  the  uppermost  curve  minus  the  depth  correctlcm, 

acceptable  manner.  A  revision  of  the  analysis  may  be  desirable 
when  the  remainder  of  the  survey  has  been  completed.  The  latter 
will  increase  the  total  depth  range  to  100  m  and  hence  will  provide  a 
better  set  of  data  for  testing  nonlinear  characteristics  or  possible 
combination  with  other  factors,  and  will  also  permit  examination 
of  a  wider  variety  of  tidal  velocities,  bottom  sediments,  and  drainage 
conditions. 

Despite  the  need  for  a  better  theoretical  understanding  of  the 
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transparency  problem  and  for  more  data  to  test  any  theory  that  is 
proposed,  the  statistical  treatment  has  given  some  insight  into  the 
relative  importance  of  factors  which  hitherto  have  been  discussed 
only  in  qualitative  terms.  Perhaps  the  most  important  conclusion 
from  the  standpoint  of  later  biological  applications  is  that  two-thirds 
of  the  light  extinction  is  caused  by  nonliving  particulate  matter  in 
suspension.  This  condition  must  have  a  serious  effect  on  the  ef¬ 
ficiency  of  plant  production,  particularly  during  the  period  from 
September  to  March  when  there  is  an  abundant  supply  of  the  nu¬ 
trients  necessary  for  plant  growth. 
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ABSTRACT 


Nitrate  is  virtually  absent  from  the  water  column  from  the  end  of  the  spring 
flowering  until  the  following  September;  a  gradual  increase  follows,  culminating  in 
a  midwinter  maximum  of  some  20  ^g-at  N/L  The  phosphate  concentration  is  about 
0.5  <ig-at  P/1  at  the  end  of  the  spring  flowering,  declines  a  little  more  during  the 
spring  months,  then  increases  slowly  through  the  summer  and  more  sharply  in 
autumn.  Even  in  midwinter,  the  NIP  ratio  is  only  about  8:1.  Oxygen  is  reduced 
in  the  bottom  waters  in  summer,  with  minimum  concentrations  of  about  50%  satu¬ 
ration.  Data  on  the  chlorophyll  content  of  phytoplankton  and  on  the  displacement 
volume  of  zooplankton  are  included  for  comparison  with  chemical  cycles.  The 
available  information  .  on  the  horizontal  distribution  of  phosphate,  nitrate,  and 
chlorophyll  is  examined.  It  is  postulated  that  the  two-layered  transport  system  in 
the  Sound  proviUjs  a  mechanism  whereby  plant  growth  and  accompanying  positive 
gradients  in  nutrients  automatically  lead  to  retention  of  nutrients  within  the  Sound 
and  regulate  the  supply  at  a  slightly  higher  level  than  that  in  adjacent  oceanic  waters. 

METHODS 

Oxygen  was  determined  by  the  Winkler  method.  Prepared  samples 
of  100  ml  were  titrated  with  thiosulfate  of  a  strength  such  that  the 
titer  approximated  milliliters  of  oxygen  per  liter  in  the  sample.  The 
thiosulfate  was  standardized  with  potassium  dichromate. 
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The  Atkins-Denigfes  method  was  used  for  inorganic  phosphate. 
The  sulphuric  acid  and  ammonium  molybdate,  stored  separately, 
were  mixed  just  prior  to  use.  Stannous  chloride  was  freshly  prepared 
for  each  set  of  analyses.  The  color  was  measured  in  a  IClett-Summer- 
son  photoelectric  colorimeter,  using  a  No,  66  filter  and  a  40  mm  cell. 
Suitable  corrections  were  made  for  reagent  blank,  turbidity  in  the 
seawater  sample,  and  salt  error.  Measurements  were  generally 
made  on  the  day  following  collection  of  the  samples.  This  delay 
conceivably  introduced  some  error  into  the  determinations.  Riley 
(1941)  reported  a  series  of  65  experiments  on  changes  occurring  in 
phosphate  and  other  nonconservative  elements  in  Long  Island  Sound 
water  stored  in  light  and  dark  bottles  for  periods  of  three  or  four  day3. 
There  was  an  average  decrease  of  0.10  ^g-at  P/1  in  a  day’s  time  in 
the  light  bottles  and  an  increase  of  0.05  jug-at  in  the  dark,  Possible 
errors  of  this  magnitude  in  the  results  reported  below  would  not 
seriously  alter  the  conclusions. 

Nitrate  analyses  during  the  first  year  were  carried  out  according 
to  the  striehnidine  method  described  by  Zwicker  and  Robinson  (1944). 
Subsequently  the  amount  of  striehnidine  in  the  sulfuric  acid  was 
reduced  to  one-half,  following  a  recommendation  by  Francis  A. 
Richards  (personal  communication).  Measurements  were  made  on 
the  Klett,  with  12  mra  diameter  tubes  and  a  No.  54  filter.  Differences 
in  replicates  and  in  successive  standardization  curves  indicate  an 
analytical  error  of  at  least  ±  10%.  In  addition,  there  is  probably 
a  small  systematic  error,  since  it  has  been  common  in  spring  and  sum¬ 
mer  to  find  seawater  readings  that  are  slightly  lower  than  the  blanks. 

Material  for  plant  pigment  determinations  was  obtained  by  filtering 
a  citrate  bottle  (375  ml)  of  sea  water  through  a  No.  42  Whatman 
filter  paper  immediately  after  collection  of  the  sample.  The  filter 
paper  was  put  in  90%  acetone  for  16  to  24  hours,  and  the  extract 
was  then  refiltered  to  remove  any  particles  in  suspension,  The 
volume  was  adjusted  to  5  ml,  and  the  Klett  readings  were  made  with 
12  mm  tubes  and  a  No.  66  filter. 

Filtration  was  carried  out  with  light  suction  to  minimize  loss  of 
phytoplankton  through  the  filter.  Ordinarily  half  an  hour  to  an 
hour  was  required  to  filter  each  sample;  a  shipboard  battery  of  six 
filter  holders  was  sufficient  to  carry  out  the  operation.  To  obtain 
an  analysis  with  only  375  ml  is  feasible  in  the  rich  waters  of  Long 
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Island  Sound  provided  considerable  care  is  taken  in  colorimetric 
readings.  Larger  samples  tended  to  clog  the  filters. 

On  two  occasions,  comparative  measurements  have  boon  made 
with  miliipore  filters  having  a  pore  size  of  about  0,5  m-  During. the 
spring  flowering  cf  1954,  aliquot  samples  were  poured  through  the 
two  types  of  filters.  No  significant  difference  was  detected.  On  a 
later  occasion,  when  the  total  crop  was  smaller  and  when  the  propor¬ 
tion  of  small  cells  had  increased,  the  test  was  repeated  more  carefully. 
The  filtrate  from  four  paper-filtered  samples  was  caught  and  passed 
through  a  miliipore  filter.  The  phytoplankton  that  passed  through 
the  paper  and  was  retained  by  the  miliipore  filter  gave  a  reading  of 
0.14  m g  chlorophyll  a/1,  as  compared  with  an  average  of  2.1  Mg  in  the 
paper-filtered  samples.  Further  examinations  are  needed,  but  at 
the  present  time  it  appears  that  the  loss  of  phytoplankton  through 
the  paper  filters  is  a  relatively  insignificant  fraction  of  the  total 
population. 

The  plant  pigment  readings  were  recorded  as  the  colorimetric 
equivalent  if  chlorophyll  a  in  Mg  per  liter,  although  it  is  presumed 
that  other  pigments  have  some  slight  effect  on  total  extinction.  The 
method  was  standardized  with  the  aid  of  a  crude  chlorophyll  con¬ 
centrate  which  was  obtained  from  the  American  Chlorophyll  Division 
of  Strong,  Cobb,  and  Co.  and  which  contained  by  analysis  13.2% 
chlorophyll  a  and  3.9%  chlorophyll  b.  We’ghed  samples  of  the 
concentrate  were  dissolved  in  100%  acetone,  and  successive  dilutions 
in  90%  acetone  were  measured  on  the  Klett.  Data  by  Edmondson 
and  Edmondson  (1947)  on  the  absorption  characteristics  of  chlorophyll 
a  and  b  and  of  the  Klett  66  filter  indicate  that  the  chlorophyll  a  in 
the  samples  was  responsible  for  89.1%  of  the  total  extinction.  The 
calibration  curves  were  corrected  accordingly. 

On  several  occasions  duplicate  measurements  have  been  made  on 
phytoplankton  pigment  extracts  using  the  method  described  above 
as  well  as  visual  colorimetric  comparison  with  the  Harvey  (1934) 
plant  pigment  standard.  Results  are  shown  in  Fig.  1.  On  the  aver¬ 
age,  1  Mg  of  chlorophyll  is  equivalent  to  4.4  Harvey  units,  and  the 
general  relationship  throughout  the  range  of  concentrations  examined  is 
sufficiently  accurate  to  permit  comparison  of  present  results  with 
previous  analyses  by  the  Harvey  method 

Some  of  the  previous  work  on  Long  Island  Sound  and  Georges 
Bank  (Riley,  1941,  1941a)  has  included  chlorophyll  measurements 


50  Bulletin  of  the  Bingham  Oceanographic  Collection  [X\ 


80  r 


C  l/L  ..  ,  ■■ — - - - - - 

o  z  4  e  e  to  e  14  a  « 

JJ3  CHLOROPHTU.  PER  LITER 

Figure  l.  Tha  Harvay  (1S34)  methoU  of  plant  pigment  measurement  compared  with  the 
chlorophyll  method  described  In  the  teat.  Each  point  represents  a  measuremait  by  6ach 
method  of  the  plgmente  in  an  acetone  eitract  of  a  natural  phytoplankton  sample  from 
central  Long  Island  Sound.  Dots  represent  samples  taken  on  May  SI.  1952;  cirri  ea,  June 
11,  IMS:  s'a,  October  0,  1052. 

in  which  the  carotenoids  and  chlorophyll  were  separated  by  chemical 
methods,  the  latter  having  been  measured  by  visual  colorimetry 
against  an  arbitrary  standard  calibrated  with  a  pure  chlorophyll 
preparation.  Riley  ,  (1941  a)  listed  analyses  of  22  samples  of  net 
phytoplankton  in  wliich  1  uS  chlorophyll,  so  determined,  was  equiva¬ 
lent  to  3.9  Harvey  units.  Somewhat  different  results  were  obtained 
in  routine  analyses  of  the  total  plankton  filtered  from  a  liter  of  sea 
water.  Average  ratios  in  both  Long  Island  Sound  (21  unpublished 
observations)  and  Georges  Bank  (Riley,  1941a)  were  about  l^tg 
chlorophyll  to  3  Harvey  units.  It  is  possible  that  there  was  a  signifi¬ 
cant  error  in  the  earlier  standardisation  or,  more  likely,  a  tendency 
to  over-read  dilute  chlorophyll  concentrations  because  of  a  slight 
turbidity  in  the  prepared  solutions. 

SEASONAL  CYCLES  IN  THE  CENTRAL 
PART  OF  THE  SOUND 

Figs.  2  and  3  show  seasonal  cycles  of  phosphate,  nitrate-nitrite, 
chlorophyll,  and  total  zooplankton  displacement  volume  as  averages 
of  inshore  and  offshore  stations,  respectively.  Discussion  of  the 
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Figure  2.  Weekly  averages  of  observations  at  Inshore  Sta,  1,  6,  7,  and  8.  Phosphate  and 
nitrate  are  plotted  as  ng-at  per  liter,  chlorophyll  aa  *g  per  liter.  Solid  line  shows  surfaoe 
averages;  broken  line,  bottom.  Zooplankton  displacement  volumes  are  plotted  as  milliliterB 
per  cubic  meter  in  an  oblique  tow  from  near  bottom  to  snrfaoe,  During  tits  spring  Cowering, 
the  zooplankton  volume  could  not  be  determined  because  the  catcb  Included  large  quantities 
of  phytoplankton.  This  period  is  indicated  by  a  broken  line. 
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plankton  is  largely  relegated  to  other  papers  in  thi3  volume,  but 
presentation  o i  the  data  here  facilitates  the  intc-rp  nation  of  nutrient 
cycles, 

The  gross  features  oi‘  these  cycles  are  characteristic  of  temperate 
waters  everywhere.  However,  the  proportions  of  available  nitrate- 
nitrogen  and  phosphorus  are  anomalous.  During  the  winter  maxima, 
the  ratio  of  >! :P  by  atoms  has  been  of  the  order  of  8:1,  about  half 
the  value  that  might  be  expected  in  oceanic  waters.  The  spring 
flowerings  of  1953  and  1954  almost  completely  exhausted  the  supply 
of  nitrate  in  about  three  weeks  but  a  residuum  of  about  0.5  /ig»at 
of  phosphate-?  was  left  in  the  water.  Another  paper  in  thus  series 
(Conover:  Phytoplankton)  describes  a  series  of  experiments  during 
the  latter  part  of  the  1954  flowering  in  which  natural  phytoplankton 
populations  were  enriched  with  phosphorus,  nitrogen,  iron,  and 
manganese,  separately  and  in  combination.  It  suffices  here  to  say 
that  experimental  evidence  points  to  nitrogen  as  the  most  important 
limiting  factor. 

Most  of  the  spring  and  summer  analyses  have  shown  little  or  no 
nitrate  in  any  part,  of  the  water  column.  Phosphate  values  during 
the  same  period  generally  have  fallen  within  the  range  of  0.2  to  1 
>ig-at  P/1.  Phosphate  tended  tu  increase  gradually  during  the  summer 
and  then  more  rapidly  in  autumn.  Nitrate  remained  low  until 
September.  The  autumnal  increase  in  nutrients  was  interrupted 
in  October  1953,  presumably  because  of  plant  growth.  While  there 
was  not  a  pronounced  autumn  flowering  in  the  ordinary  sense  of  the 
term,  both  phytoplankton  and  zooplankton  crops  were  larger  than 
those  in  midautumn  of  1952. 

Phosphate  and  nitrate  increased  slightly  from  surface  to  bottom 
during  most  of  the  spring  and  summer.  Stability  was  too  slight  to 
permit  the  accumulation  of  a  large  store  of  regenerated  nutrients 
in  the  bottom  waters.  It  was  reasonable,  then,  to  find  neither  a 
pronounced  summer  period  of  phytoplankton  impoverishment  nor  a 
marked  flowering  following  the  destruction  of  the  summer  thermocline. 
Slight  and  variable  vertical  gradients  were  observed  in  autumn  and 
winter.  It  was  fairly  common  in  autumn  to  find  significant  decreases 
in  phosphate  and  nitrate  in  the  bottom  waters.  Reasons  for  this 
peculiar  phenomenon  will  be  apparent  in  the  later  discussion  of 
horizontal  distribution  and  transport. 

Oxygen  data  are  shown  in  Fig.  4,  again  as  averages  of  inshore  and 
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Figure  4.  Weekly  averages  of  oxygen  concentration  in  milliliters  per  liter  at  inshore  and 
oflahore  stations.  Solid  line,  surface;  dotted  line,  bottom:  broken  line,  calculated  values  for 
100%  saturadon  at  the  surface  at  the  observed  temperature  and  salinity. 
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offshore  stations,  together  with  the  computed  values  for  100%  satura¬ 
tion  at  the  surface.  Supersaturation  of  the  surface  layer  occurred 
during  the  spring  flowering  and  to  a  lesser  extent  on  various  other 
occasions.  The  oxygen  content  of  the  bottom  water  declined  during 
the  spring  and  early  summer,  Minimum  values  recorded  at  individual 
stations  were  about  50%  saturated.  Vertical  gradients  in  oxygen 
were  more  pronounced  than  those  of  phosphate  and  nitrate.  The 
form  of  the  vertical  distribution  indicates  that  maximum  oxygen 
production  by  phytoplankton  occurred  between  the  surface  and  5  m 
and  that  photosynthesis  exceeded  utilization  of  oxygen  by  the  plankton 
community  in  the  upper  10  or  15  m.  However,  the  nitrate  and 
phosphate  gradients  suggest  considerable  utilization  of  these  sub- 
st  *  ces  by  phytoplankton  at  depths  of  15  m  or  more. 

During  autumn  and  early  winter,  the  oxygen  was  generally  slightly 
undersaturated  from  surface  to  bottom.  Three  factors  are  probably 
involved:  (a)  a  slight  lag  between  surface  cooling  and  oxygen  uptake; 
(b)  an  acceleration  of  vertical  mixing  and  convection,  which  increased 
the  oxygen  content  of  the  bottom  water  and  correspondingly  lowered 
the  concentration  in  the  remainder  of  the  water  column;  and  (c) 
an  excess  of  oxidation  over  production  in  most  of  the  water  mass, 
as  indicated  by  the  autumn  increase  in  nutrients. 

HORIZONTAL  DISTRIBUTION 

While  there  is  a  considerable  body  of  previous  data  on  temperature 
and  salinity  for  the  Sound,  biological  and  chemical  work  has  been 
scanty  and  has  been  concerned  almost  entirely  with  seasonal  cycles 
in  localized  areas.  The  present  survey  has  included  an  examination 
of  the  distribution  of  oxygen,  phosphate,  nitrate,  and  plankton  during 
three  cruises  that  covered  most  of  the  Sound.  This  obviously  does 
not  provide  an  adequate  treatment  of  horizontal  distribution,  but 
certain  problems  are  revealed  that  deserve  preliminary  mention  at 
this  time  and  which  will  be  studied  more  intensively  during  ihe 
remainder  of  the  survey. 

Fig.  5  shows  the  distribution  of  phytoplankton  chlorophyll  at  the 
surface  in  June  1952  and  in  the  latter  part  of  September  and  early 
October  of  the  same  year.  During  the  first  cruise  there  was  a  general 
east-west  gradient,  the  maximum  concentration  in  the  north-central 
part  of  the  wSound  being  some  four  times  the  average  crop  in  the 
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Figure  s.  Horizontal  distribution  of  chlorophyll  in  ug  per  at  the  surface.  Upper 
figure,  June  4  to  11.  1053:  lower,  Sept.  26  to  0«t.  0,  1033. 


vicinity  of  the  eastern  passes.  A  similar  gradient  was  found  in  April 
1953  (not  figured  here).  Previous  comparison  of  seasonal  cycles 
in  Block  Island  Sound  and  in  the  central  part  of  Lung  Island  Sound 
(Riley,  1952b)  has  also  indicated  a  much  larger  average  concentration 
iu  the  latter.  An  east-west  gradient  of  the  type  pictured  thus  appears 
to  be  fairly  common,  at  least  during  the  spring  and  summer.  It  was 
not  present  during  the  autumn  cruise  shown  in  the  lower  part  of  Fig.  5. 

With  respect  to  nutrients,  the  opposite  situation  obtained.  In 
June  1952  there  was  a  slight  east-west  gradient  in  phosphate  (Fig,  o) 
and  essentially  no  nitrate  gradient  (Fig.  7).  In  early  autumn  the 
gradients  were  very  large.  Autumn  regeneration  of  nutrients  was 
well  underway  in  the  western  end  of  the  Sound.  It  is  not  altogether 
clear  whether  the  east-west  gradient  represented  a  difference  in  the 
amount  of  materials  available  for  regeneration  or  a  difference  in  the 
time  when  this  phase  of  the  cycle  began,  or  both. 

The  relation  between  surface  and  subsurface  nutrients  and  chloro¬ 
phyll  concentrations  is  shown  in  Fig.  8  as  a  series  of  longitudinal 
profiles.  During  the  June  cruise,  the  phosphate  concentration  gen¬ 
erally  increased  from  surface  to  bottom,  as  might  be  expected  when 
the  phytoplankton  exists  in  a  state  of  active  growth.  Maximum 
nitrate  values  were  found  in  patches  of  surface  water  of  reduced 
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Figure  8.  Ivongitudloai  proflies  of  phosphate  and  nitrate  In  uug-at  per  liter  and  chlorophyll 
In  n3  per  Liter,  constructed  from  stations  taken  approximately  along  the  central  asls  of  Long 
Island  Sound.  Stations  from  the  cruise  of  Jane  4  to  11  arc  shown  on  the  left,  Sept.  28  to 
Oct.  9  on  the  right. 

salinity  off  the  mouths  of  the  Connecticut  and  Housatonic  Rivers. 
Elsewhere.,  variations  were  nearly  negligible. 

A  higlily  variable  pattern  of  distribution  was  found  in  early  autumn. 
Several  stations  revealed  an  unconventional  type  of  distribution, 
in  which  phosphate  and  nitrate  were  markedly  reduced  in  the  bottom 
water.  However,  this  apparently  is  not  an  unusual  situation  in 
Long  Island  Sound,  since  reversed  nutrient  gradients  have  been 
observed  frequently  through  autumn  and  early  winter  of  both  1952 
and  1953  at  routine  stations  in  the  central  part  of  the  Sound. 

The  two-layered  transport  system  described  in  the  preceding  paper 
helps  to  explain  some  of  the  observed  facts  of  nutrient  distribution. 
Consider  first  the  spring  and  summer  period  when  phytoplankton 
growth  tends  to  deplete  the  surface  layer.  The  transport'  system 
gradually  removes  the  nutrient-poor  surface  layer.  The  bottom 
water  that  moves  in  is  richer  in  nutrients.  Thus  the  transport'  system 
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establishes  a  mechanism  whereby  nutrients  are  conserved  and  ac¬ 
cumulated  in  the  Sound,  provided  (a)  phytoplankton  growth  is 
active  enough  to  produce  a  positive  vertical  gradient  in  nutrients, 
and  (b)  a  proportion  of  the  phytoplankton  produced  at  the  surface 
is  removed  to  deeper  water.  Both  of  these  conditions  are  realized 
in  the  central  part  of  the  Sound  during  the  period  from  April  until 
the  end  of  September.  In  1952  the  average  concentration  of  surface 
phosphate  at  the  offshore  stations  wa  0.73  /jf-at  P/1,  at  the  bottom 
1.19  ng-at.  Nitrate  concentrations  were  1.78  and  2.52  pg-at  N  at 
surface  and  bottom,  respectively.  During  the  same  period  in  1953, 
the  corresponding  averages  were  0.70  and  1.28  /ig-st  P/1,  0.29  and 
0.63  Mg-at  N. 

As  to  point  (b),  it  is  qualitatively  apparent  that  a  considerable 
proportion  of  the  phytoplankton  production  is  removed  from  the 
surface  layer.  The  concentration  of  chlorophyll  is  not  markedly 
greater  at  the  surface  than  it  is  at  the  bottom  during  the  period  in 
question.  The  presence  of  a  large  bottom  fauna  is  sufficient  evidence 
in  itself  that  surface  production  has  been  removed  to  the  bottom  by 
one  means  or  another. 

An  accurate  quantitative  treatment  of  this  problem  awaits  further 
work  on  both  mass  transport  and  nutrient  cycles  in  the  Sound  as  a 
whole.  However,  a  preliminary  estimate  based  on  average  summer 
transport  values  and  observed  inorganic  nutrients  may  Berve  to 
establish  the  order  of  magnitude  of  transport  enrichment.  At  Long. 
72°  30'  W,  which  is  a  convenient  point  of  division  between  the  eastern 
part  of  the  Sound  and  the  central  basin,  the  preceding  paper  on 
Physical  Oceanography  indicated  a  net  eastward  transport  of  -10,200 
mVsec.  in  the  surface  layer  and  a  westward  movement  along  the 
bottom  of  9100  ms.  If  these  figures  can  be  applied  to  the  general 
period  from  April  through  September,  the  westward  movement  is 
estimated  to  be  3.10  times  the  volume  of  the  Sound  west  of  72°  30'  W, 
and  the  surface  transport  to  the  east  is  3.46.  According  to  the 
average  nutrient  values  quoted  above,  transport  exchange  would 
lead  to  an  average  increase  of  0.71  pg-at  P/1  of  water  in  the  area  as  a 
whole  during  the  six  months’  summer  period  of  1952.  For  1953 
the  estimate  is  1.55  /ig-at  P.  Corresponding  estimates  for  nitrate 
are  1.65  and  0.96  /ig-at  N/l  in  1952  and  1953,  respectively. 

The  final  analysis  of  productivity  problems  will  require  not  only 
a  revision  of  the  estimates  of  transport  enrichment,  with  additional 
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data  on  ammonia  and  nutrients  in  organic  combination,  but  also 
a  consideration  of  enrichment  by  freshwater  drainage.  A  few  analyses 
of  river,  water  during  the  spring  and  summer  of  1954  have  shown  a 
wide  variation  in  nitrate  content,  from  G  to  37  jig-at  N/l.  While 
there  is  no  doubt  that  drainage  has  a  significant  effect  with  regard 
co  nitrate  enrichment,  if  probably  does  not  exceed  the  effect  of  trans¬ 
port  exchange.  Phosphate  concentrations  in  the  rivers  are  about 
the  same  as  those  in  the  Sound  and  it  seems  unlikely  that  drainage 
materially  alters  the  distribution  of  this  element. 

Returning  to  the  problem  of  transport  effects,  it  is  apparent  that 
a  two-layered  exchange  system  will  result  in  nutrient  accumulation 
only  if  phytoplankton  growth  is  sufficiently  active  to  create  a  vertical 
gradient  in  nutrients.  If  growth  is  so  slight  that  regeneration  exceeds 
consumption,  the  accumulation  of  nutrients  is  expected  to  cease, 
and  the  direction  of  nutrient  transport,  may  be  reversed.  In  the 
particular  case  noted  in  October  1952,  when  there  were  strong  east- 
west  gradients  in  nitrate  and  phosphate,  both  lateral  diffusion  and 
an  eastward  transport  of  the  surface  layer  would  tend  to  move  these 
nutrients  out  of  the  Sound.  Under  such  circumstances  transport 
exchange  would  also  be  expected  to  create  negative  vertical  gradients 
in  nutrients.  The  frequent  occurrence  of  these  gradients  suggests 
that  loss  of  nutrients  from  the  Sound  during  the  autumn  and  early 
winter  is  as  distinctive  a  part  of  the  nutrient  problem  as  the  accumula¬ 
tion  in  summer. 

In  conclusion,  the  quantitative  details  of  this  phenomenon  remain 
to  be  established,  but  a  general  hypothesis  is  obvious.  The  two¬ 
layered  transport  system  provides  a  mechanism  whereby  the  biological 
association  automatically  regulates  the  nutrient  supply  at  a  slightly 
higher  level  than  that  in  the  adjacent  oceanic  waters.  Moderate 
nutrient  deficiency  accelerates  the  accumulation,  although  the  system 
tends  to  break  down  when,  as  in  the  case  of  nitrate,  severe  deficiency 
depletes  the  entire  water  column.  An  unusable  excess  of  nutrients 
is  automatically  dissipated.  Both  aspects  of  the  phenomenon  are 
conceivably  important  in  maintaining  a  normal,  productive  popula¬ 
tion.  Preliminary  estimates  suggest  that  the  summer  accumulation 
of  phosphate  by  transport  exchange  constitutes  a  considerable  fraction 
of  the  total  available  store  of  this  element.  The  accumulation  of 
nitrate  by  the  combined  effects  of  transport  anu  freshwater  drainage 
is  relatively  less  significant.  However,  no  general  conclusions  about 
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nitrogen  accumulation  are  warranted  until  data,  have  been  obtained 
on  other  nitrogenous  compounds. 
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ABSTRACT 


The  annual  phytoplankton  cycle  in  Long  Island  Sound  has  been  considered  from 
the  standpoint  of  changes  in  the  total  population  as  estimated  by  cell  counts  and 
chlorophyll  values,  from  the  behavior  of  major  taxonomic  groups,  and  from  seasonal 
variations  in  the  abundance  of  individual  species.  Phytoplankton  data  have  been 
correlated  with  environmental  factors,  and  experimental  work  was  undertaken  to 
provide  additional  information  about  the  physiology  of  the  organisms  and  to  test 
conclusions  drawn  from  field  data. 

The  annual  cycle  was  characterized  by  a  large  late-winter  flowering,  lower  num¬ 
bers  throughout  spring  and  summer,  email  sporadic  flowerings  in  summer  and  early 
fall,  and  minimal  populations  in  late  fall  and  early  winter.  Light  and  turbulence 
were  the  critical  factors  that  determined  population  size  in  fall  and  winter.  From 
the  termination  of  the  Bpring  flowering  until  the  breakdown  of  stability  in  late  sum¬ 
mer,  nutrient  supplies  were  the  controlling  factors;  riitrogen  appeared  to  be  the 
most  important  limiting  nutrient.  Grazing  may  also  have  had  soma  influence  on 
the  size  of  the  summer  populations.  Turbulence  was  sufficient  to  maintain  a  nearly 
homogeneous  vertical  distribution.  Although  there  was  a  difference  in  population 
numbers  per  unit  volume  of  water  between  Inshore  and  oSshore  waters,  events 
in  the  phytoplankton  cycle  occurred  at  about  the  same  time  in  both  areas. 

The  population  was  dominated  by  diatoms  except  in  summer,  when  dinofiagellates 
and  probably  other  smaller  flagellates  largely  replaced  the  diatoms.  There  was  a 
clear-cut  species  succession,  but  environmental  differences  influenced  the  relative 
importance  of  certain  species  frum  year  to  year.  Several  examples  of  the  way  in 
which  the  environment  controlled  species  abundance  were  afforded  by  this  study. 
The  importance  of  the  physiological  state  of  the  natural  population  has  been  demon¬ 
strated  experimentally. 

THE  ANNUAL  CYCLE 

Methods.  Two  types  of  analyses  were  employed  to  describe  the 
quantity  of  phytoplankton,  namely,  estimation  of  chlorophyll  a 1  and 

1  Rabinowitch  (1952)  described  chlorophyll  a  as  the  ultimate  photosynthetic 
pigment.  That  is,  the  accessory  pigments  of  the  plant  cell  may  absorb  light  energy, 
but  only  chlorophyll  a  can  convert  this  light  energy  to  useable  chemical  energy'. 
Consequently,  the  abundance  of  chlorophyll  a  ultimately  determines  the  amount 
of  photosynthesis. 
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cell  counts,  Samples  were  collected  at  weekly  intervals  at  each  cf 
the  stations  visited  from  March  1952  through  March  1954.  Water  for 
chlorophyll  determination  was  taken  from  several  depths  and  was 
analyzed  using  the  method  described  by  Riley  and  Conover  in  this 
volume.  Samples  for  direct  counts  were  taken  at  only  the  one- 
meter  level  except  at  St.  2,  where  proportional  aliquots  from 
each  of  the  four  or  five  depths  were  combined  to  give  one  com¬ 
posite  sample.  225  ml  of  water  were  preserved  with  25  ml  of 
neutral  formalin.  The  samples  were  allowed  to  .settle  for  at  least 
48  hours  and  were  then  concentrated  by  siphoning  off  the  supernatant 
liquid.  The  sample  was  transferred  to  a  vial  and  the  settling  and 
concentration  process  was  repeated.  The  concentrated  sample  was 
counted  in  a  haemocytometer. 

Certain  objections  have  been  raised  to  this  counting  method. 
Formalin  preservation  is  inadequate  for  certain  types  of  phyto¬ 
plankton,  particularly  the  small  naked  flagellates.  Consequently  this 
was  probably  a  serious  source  o>  error  in  the  summer  samples.  Also, 
there  is  the  possibility  that  some  of  the  sample  was  lost  when  the 
supernatant  liquid  was  drawn  off,  However,  when  the  supernatants 
from  different  samples  obtained  during  periods  of  active  growth  were 
passed  through  a  millipore  filter  and  the  latter  was  cleared  for  micro¬ 
scopic  examination,  the  error  was  found  to  be  less  than  0.2%. 

Description.  From  mid-December  or  early  January,  a  steady  in¬ 
crease  in  the  phytoplankton  population  took  place  (Fig.  1).  The 
climax  of  the  flowering,  the  annual  maximum,  came  after  three  weeks 
of  rapid  increase  in  early  March  1953  and  in  mid-February  1954. 
After  the  climax  was  passed,  the  population  decreased  rapidly. 
Within  a  month  it  had  passed  through  the  period  of  decay  that  follows 
the  flowering  and  had  entered  the  spring  and  summer  phase.  The 
wanner  months  were  characterized  by  small  oscillations  in  abundance. 
A  fall  flowering  was  observed  in  the  second  year  of  the  survey  but  not 
in  the  first.  The  annual  minimum  occurred  sometime  in  the  fall,  and 
small  populations  were  recorded  throughout  late  fall  and  early  winter. 

The  phytoplankton  cycle  as  found  in  Long  Island  Sound  is  not 
unique.  Late  winter  flowerings  in  temperate  waters  have  been  re¬ 
corded  in  similar  semiprotected  areas.  In  New  England  waters, 
Bigelow,  et  al.  (1940)  found  that  the  spring  flowering  commenced 
earlier  in  the  partially  protected  bays  than  in  the  open  waters  of  the 
Gulf  of  Maine.  Fish  (1925)  and  Bigelow  (1926)  reported  that  it 
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Ftotras  l.  Phytoplankton  cell  numbers  and  chlorophyll,  average  surface  values  for  all 
stations, 


occurred  even  earlier  in  the  shallow  semienclosed  bays  of  Cape  Cod 
than  in  Long  Island  Sound.  Records  of  similar  observations  along 
the  Norwegian  coast  have  been  briefly  summarized  by  Braarud,  et  of. 
(1953),  and  Steemann-Nielsen  (1937)  found  the  same  pattern  in  waters 
around  Denmark.  The  vernal  flowering  occurs  later  in  British 
waters  near  Plymouth  than  in  the  more  northern  but  more  protected 
Scandinavian  waters  (Harvey,  et  al,  1935).  As  in  Long  Island 
Sound,  spring  and  summer  populations  in  these  areas  were  signifi¬ 
cantly  smaller  than  in  the  vernal  flowering.  Atkins  and  Jenkins 
(1953)  found  an  annual  chlorophyll  minimum  in  June  at  the  Eddy- 
stone  station  off  Plymouth,  England.  In  Long  Island  Sound,  the  fall 
flowering  was  observed  in  late  September  and  October.  A  small 
September  phytoplankton  peak  waa  found  at  the  Eddystone  by 
Atkins  and  Jenkins  (1853),  but  iu  an  earlier  study  by  Harvey,  et  al. 
(1935)  in  the  same  region,  the  late  summer-early  fall  peaks  were  larger 
and  one  occurred  later.  A  small  September  peak  was  found  in  the 
North  Sea  by  Grpntved  (1952).  In  winter  all  of  these  waters  were 
characterized  by  small  populations. 

Chlorophyll-Cell  Count  Discrepancies.  The  data  on  the  amount  of 
chlorophyll  and  cell  numbers  paralleled  each  other  reasonably  well 
except  in  summer,  when  the  chlorophyll  values  were  significantly 
higher  than  the  cell  counts  (Fig.  1).  As  was  mentioned  above, 
formalin  docs  not  preserve  all  segments  of  the  plant  population  equally 
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well,  Hiley  (1952)  found  that  large  numbers  of  small  flagellates  in 
unpreserved  summer  samples  from  Long  Island  Sound  could  not  be 
distinguished  after  formalin  was  added.  Presumably,  under  these 
circumstances,  chlorophyll  measurements  would  be  a  more  reliable 
index  of  total  population.  Other  factors  may  contribute  to  the  dis¬ 
crepancy  between  chlorophyll  estimates  and  cell  counts  at  this  and 
other  times  of  the  year.  The  chlorophyll  content  of  an  individual 
cell  tends  to  be  inversely  proportional  to  the  cell  volume  (Atkins  and 
Parke,  1951);  a  population  containing  large  cells  would  show  small 
cell  numbers  relative  to  chlorophyll,  while  populations  containing 
small  cells  would  give  a  large  ratio  of  numbers  to  chlorophyll.  Finally, 
differences  in  the  physiological  state  of  the  cells  can  affect  the  amount 
of  chlorophyll  present  (Harvey,  1953). 

Differences  in  Annual  Phytoplankton  Cycles .  The  spring  flowering 
in  1954  was  three  weeks  earlier  than  that  in  1953.  Fig,  1  and  Table  I 
show  that  cell  numbers  from  the  climax  of  the  spring  flowering  through 
August  were  considerably  greater  in  1952  than  in  1953 ;  the  same  trend 
of  differences,  though  less  pronounced,  was  shown  by  the  chlorophyll 
data.  In  1953  a  small  flowering  occurred  in  September  and  October, 
while  in  1952  the  lowest  phytoplankton  concentrations  for  the  year 
were  found  in  this  period.  Possible  explanations  for  these  differences 
will  be  considered  when  the  population  structure  and  the  environment 
are  discussed  later. 

Coefficients  of  Increase  and  Decrease  of  the  Standing  Crop.  Weekly 
phytoplankton  estimates  can  be  used  to  calculate  a  coefficient  K, 
which  measures  the  relative  rate  of  increase  or  decrease  of  the  standing 
crop.  An  increase  in  the  population  may  result  from  increased 
growth  rates,  decreased  grazing  rates,  a  decrease  in  the  rate  of  loss 
by  turbulence,  introduction  of  a  more  concentrated  population  from 
another  area,  or  any  combination  of  these  circumstances.  A  decrease 
in  the  standing  crop  may  result  from  the  converse  of  these  conditions. 
K  was  calculated  for  both  chlorophyll  and  cell  numbers  by  using 
the  following  equation: 

In  P<  -  In  P0  =  Kt,  (1) 

where  Po  is  the  initial  population,  P(  the  population  at  time  t.  K 
values  are  plotted  in  Fig.  2, 

The  values  of  the  coefficients  during  the  spring  flowering  did  not 
exceed  those  found  at  other  times  of  the  year,  but  there  was  a  sustained 
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period  of  positive  values  at  that  time,  The  vernal  flowering  ap¬ 
parently  resulted  from  conditions  that  were  favorable  to  steady 
growth  with  population  accumulation  rather  than  from  a  sudden 
change  in  the  physiological  state  of  the  phytoplankton  with  a  resultant 
increase  in  growth  rate.  Note  that  the  highest  spring  flowering 
values  of  K  occurred  at  irregular  intervals  during  the  flowering  period, 


The  natural  population  did  not  necessarily  follow  the  classical  logistic 
growth  curve  demonstrated  for  laboratory  cultures.  In  the  post¬ 
flowering  period,  the  negative  coefficients  were  larger  than  the  positive 
values  found  during  the  flowering  development.  Fluctuation  between 
positive  and  negative  values  was  characteristic  of  the  spring  and  sum¬ 
mer  months,  but  a  greater  number  of  positive  values  were  recorded 
in  1952  than  in  1953.  The  values  of  the  coefficients  for  the  two 
years  reflected  differences  in  the  early  fall  cycles;  in  1952  K  values 
were  largely  negative,  while  in  1953  a  distinct  positive  trend  was 
observed  from  August  through  October.  Late  fall  and  early  winter 
coefficients  showed  small  fluctuations  about  zero  (Fig,  2),  indicating 
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that,  the  population  was  merely  maintained.  The  first  stages  of  the 
spring  flowering  were  indicated  by  the  predominantly  positive  values 
of  K  in  January. 

Vertical  Distribution.  Unlike  the  deeper  and  more  exposed  southern 
New  England  waters  such  as  Block  Island  Sound  (Riley,  1952), 
concentrations  of  phytoplankton  in  the  shallow  and  turbulent  waters 
of  Long  Island  Sound  were  fairly  uniform  from  surface  to  bottom 
(Fig.  3).  At  times,  particularly  during  active  growth,  there  were 


Fiatrws  8,  Distribution  of  chlorophyll  in  surface  nnd  bottom  waters ;  average  values  for 
oil  stations. 


greater  concentrations  in  surface  than  in  bottom  waters.  More 
chlorophyll  was  found  in  bottom  waters  just  after  the  termination 
of  periods  of  active  gTowth  and  throughout  the  fail  months.  The 
horizontal  movement  of  water  masses  could  also  account  for  eome  of 
the  vertical  variations  in  quantity.  However,  all  such  variations 
were  small  compared  with  the  differences  commonly  observed  in 
deeper  and  more  stable  waters, 

Horizontal  Distribution.  At  times  there  was  a  pronounced  difference 
in  concentration  of  surface  phytoplankton  between  inshore  and 
offshore  stations  (Fig.  4).  In  general,  both  cell  numbers  and  chloro¬ 
phyll  concentrations  per  unit  volume  tended  to  be  larger  in  the  inshore 
waters.  However,  the  total  amount  of  phytoplankton  underhung 
a  unit  area  of  sea  surface  was  frequently  greater  offshore,  as  indicated 
in  Table  II.  Chlorophyll  estimates  in  Table  II  represent  the  average 


Figdue  4.  Ceil  number  and  chlorophyll  dirtrlbution  at  iashort  and  offshore  stations. 


concentration  at  the  several  depths  sampled  multiplied  by  the  depth 
of  the  water  column,  The  estimate  of  cell  numbers  is  l  relatively 
crude  one,  since  all  of  the  counts  were  of  surface  samples,  excepting 
St.  2,  The  latter  is  used  in  Table  II  to  represent  offshore  conditions; 
the  inshore  estimate  is  based  on  the  average  surface  concentration 
for  all  inshore  stations  multiplied  by  the  average  inshore  station 
depth, 

The  concentration  of  phytoplankton  in  the  Sound  was  considerably 
greater  than  that  in  other  New  England  waters,  and  the  quantity 
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per  unit  area  probably  averaged  slightly  more.  However,  the  highest 
spring  flowering  figures  in  the  Gulf  of  Maine  (Bigelow,  et  al,  1940) 
were  larger  than  those  for  Long  Island  Sound.  In  the  waters  around 
the  Eddystone,  Atkins  and  Jenkins  (1953)  obtained  figures  consider¬ 
ably  larger  than  those  for  Long  Island  Sound;  chlorophyll  concen¬ 
trations  per  cubic  meter  were  comparable  to  those  of  Long  Island 
Sound,  but  the  column  of  water  was  four  times  deeper  than  that  at 
the  average  offshore  station  in  the  Sound. 

Although  the  size  of  the  phytoplankton  population  per  unit  volume 
of  water  at  inshore  and  offshore  stations  was  often  different,  the 
sequence  and  occurrence  of  specific  events  corresponded  closely  in  the 
two  areas  (Fig.  4).  There  are  two  possible  explanations  for  this 
uniformity.  Either  the  environmental  character  of  the  inshore  and 
offshore  waters  was  not  significantly  different,  or  else  there  was 
sufficient  horizontal  mixing  to  prevent  differences  in  time  of  occurrence 
of  specific  events  such  as  were  found  between  coastal  and  offshore 
waters  in  the  Gulf  of  Maine  and  in  the  North  Sea.  The  spring  flower¬ 
ing  peak  of  1954  wraa  a  minor  exception;  it  occurred  offshore  one  week 
later  than  inshore.  However,  this  difference  might  simply  have 
resulted  from  a  sampling  error. 

Phytoplankton  Composition.  A  breakdown  of  the  population  into 
groups,  i.e.,  eentrate  diatoms,  pennate  diatoms,  dinoflagellates,  and 
silicoflagellates,  gives  information  which  is  masked  in  the  considera¬ 
tion  of  the  population  as  a  whole  and  is  lost  in  the  detail  of  species 
analysis  (Fig.  5).  The  spring  flowering  was  made  up  chiefly  of 
eentrate  diatoms.  Although  pennate  diatoms  and  silicoflagellates 
showed  distinct  increases  fit  this  time,  their  numbers  tvere  insignificant 
in  comparison  with  the  eentrate  diatoms.  Centrate  diatoms  con- 


31  LI  COFLAQ  E  LL  ATES 
THOUSANDS  OF  CELLS  PER  LITER 


*  1  U  1  0  I  J  1  *  1  3  1  0  1  K  1  0  1  J  '  F  1  U  1  A  1  N  1  J  1  J  1  a'1  S  '  O  !  N  1  0  1  J  1  ?  1  m 

19*3  1954 

Kiairsi  5.  Distribution  of  the  major  taxonomic  groups,  sreragcd  for  ah  stations. 


1956] 


Conover:  IV.  Phytoplankton 


73 


tinued  to  be  dominant  through  the  spring  months.  In  the  sum¬ 
mer,  dinoflagellates  comprised  the  most  abundant  segment  of  the 
population;  the  possible  importance  of  small  flagellates  at  this  time 
has  been  mentioned  previously.  The  difference  between  the  spring 
and  summer  periods  of  1952  and  1953  is  re-emphasized  by  these 
data.  In  the  spring  and  early  oummer,  centrate  diatoms  were  much 
more  abundant  in  1952  than  in  1953,  and  the  peaks  <  ’  phytoplankton 
numbers  typical  of  this  period  in  1952  were  due  to  diatoms  (Fig.  1). 
Conversely,  in  1953  the  population  of  dinoflagellates  in  late  spring 
and  summer  was  much  greater  than  that  of  the  same  period  in  the 
previous  year.  In  late  summer,  centrate  diatoms  became  dominant 
again,  and  the  fall  flowering  of  1953  was  made  up  largely  of  this  group. 
The  small  late  fall  and  early  winter  populations  were  composed  of 
centrate  diatoms,  pennate  diatoms,  and  siiicofiagellates,  the  centrate 
diatoms  being  the  most  abundant.  The  latter  continued  to  dominate 
the  population  as  it  entered  the  spring  flowering  phase.  As  the 
flowering  progressed,  the  large  proportion  of  centrate  forms  relative 
to  the  other  groups  became  even  more  exaggerated.  When  the 
annual  crop  of  phytoplankton  is  considered,  the  greatest  proportion, 
either  numerically  or  with  respect  to  weight  ox  organic  matter  pro¬ 
duced,  was  contributed  by  the  centrate  diatoms.  Only  in  summer 
did  another  group,  the  dinoflagellates,  assume  a  dominant  position 
in  the  phytoplankton  community. 

The  seasonal  distribution  of  the  major  constituents  of  phytoplank¬ 
ton  in  the  Sound  is  similar  to  that  reported  for  Norwegian  coastal 
waters  by  Braarud,  et  al.  (1953).  During  winter,  when  the  light 
intensity  was  low,  they  found  that  the  surface  waters  became  enriched 
through  turbulence.  As  the  light  increased  in  spring,  a  diatom  suc¬ 
cession  characteristic  of  the  locality  took  place.  After  the  d;.atom 
bloom  had  lowered  nutrient  supplies,  the  dinoflagellates  became 
dominant.  According  to  Grpntved  (1952),  the  same  group  succession 
was  found  in  the  southern  North  Sea  if  nutrient  renewal  was  sufficient 
and  if  grazing  was  not  too  severe.  He  believed  that  the  late  spring 
change  from  diatom  to  dinoflagellate  dominance  resulted  from  the 
establishment  of  thermal  stability  which  prevented  nutrient  renewal 
through  turbulent  mixing;  the  nutrients  were  not  completely  depleted 
in  the  euphoric  zone  before  the  change  took  place.  It  was  suggested 
that  reduced  competition  between  major  phytoplankton  groups, 
selective  grazing  by  zooplankton,  and  “ecological  conditions"  aided 
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the  cause  of  the  dinofiagellates.  Interestingly  enough,  the  replace¬ 
ment  of  diatoms  by  dinofiagellates  was  later  in  1947,  the  cooler  year, 
than  in  194?. 

EXPERIMENTAL  STUDIES 

Experiments  were  designed  to  measure  the  effect  of  variations 
in  light,  temperature,  and  nutrients  on  the  natural  phytoplankton 
populations  at  various  times  during  the  year.  Measurements  were 
made  of  the  amount  of  oxygen  produced  in  photosynthesis  and  con¬ 
sumed  in  respiration.  Changes  in  size  and  composition  of  the  popu¬ 
lation  were  determined  in  all  experiments,  and  in  some,  changes  in 
chlorophyll  and  nutrient  concentrations  were  also  measured.  These 
experiments  were  done  with  raw  sea  water,  so  that  bacteria  find  small 
zooplankton  as  well  as.  phytoplankton  were  included  in  the  experi¬ 
mental  bottles. 

Methods.  Sea  water  for  the  experiments  was  usually  taken  at  one 
of  the  regular  stations.  If  the  experiment  was  a  small  one,  the  bottles 
were  filled  directly  from  the  Nansen  bottle.  For  larger  experiments 
a  carboy  was  filled,  thoroughly  agitated,  and  experimental  aliquots 
were  drawn  off  into  the  appropriate  bottles.  In  experimental  work 
that  involved  oxygen  determinations,  a  glass  bottle  of  suitable  volume 
which  contained  a  few  glass  beads  for  mixing  purposes  was  completely 
filled  with  water,  tightly  stoppered,  and  thoroughly  mixed  twice; 
the  oxygen  bottles  were  then  filled  from  this  in  the  usual  manner. 

The  light  and  dark  bottle  technique  was  employed  to  measure 
oxygen  production  and  consumption,  using  125  ml  reagent  bottles. 
Some  of  the  bottles  were  exposed  to  natural  illumination  while  others 
were  placed  in  black  cloth  bags.  At  the  end  of  an  experiment,  Winkler 
reagents  were  added  to  the  bottles,  care  being  taken  to  retain  any 
bubbles  of  gas.  Aliquots  for  cell  counts  and  other  analyses  were  taken 
from  other  bottles  which  had  been  treated  in  the  same  manner  as 
the  oxygen  bottles.  Furthermore,  in  the  1954  experiments,  some 
of  the  bottles  wore  covered  with  different  thicknesses  of  cheesecloth 
so  as  to  alter  the  amount  of  illumination  received  by  the  enclosed 
phytoplankton.  The  amount  of  light  transmitted  by  the  different 
amounts  of  cheesecloth  was  estimated  in  the  Klett-Summerson  Colori¬ 
meter;  a  glass  microscope  slide  was  wrapped  in  the  required  number  of 
thicknesses  of  cloth  and  immersed  in  water  in  the  measuring  cell. 
Several  different  colored  filters  were  employed,  but  the  wave  length  had 
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little  effect  on  the  percentage  of  light  transmitted.  The  average  values 
are  summarized  in  Table  III. 

TABLE  III.  Radiation  TRANBiBrrTEO  and  Depth  Equivalents  in  Mstf.es  ran 
Gaube-Enclosed  ExpanuTENTAi.  Bottle* 


■.Vo.  layers  of 

"c  HeM 

Dept> r  tQulralent  trVn  3ccchi  disc  . 

£•51 ids: 

gauze  on  bottle 

penetration 

1  m 

t  m 

3  m 

2 

24 

0.8 

1.0 

2  5 

4 

8 

1.5 

2.  9 

4.4 

6 

3 

2.1 

4.2 

9.1 

8 

1 

2.7 

5.4 

8.1 

Five  experiments  during  the  spring  flowering  of  1954  measured 
the  effect  of  increased  temperature  on  phytoplankton.  Bottles  were 
kept  in  tanks  at  the  Milford  Laboratory  near  a  north  window  at  a 
higher  temperature  than  the  rest  of  the  experiment.  Light  conditions 
in  these-  warmer  bottles  were  probably  not  exactly  the  same  as  those 
in  the  bottles  suspended  in  Milford  Harbor,  but  they  were  close 
enough  so  that  differences  in  results  in  the  two  sets  of  bottles  must 
be  attributed  to  temperature  and  not  to  light. 

The  effects  of  nutrients  were  aiso  tested,  singly  and  in  various 
combinations.  P  and  N  were  employed  in  all  experiments,  and  in 
some  experiments  iron,  manganese,  citric  acid,  soil  extract,  and 
dextrose  were  used  as  well.  Nitrogen  was  added  as  NaNOs,  phosphor¬ 
ous  as  KH2PO<,  manganese  as  MnClj,  and  iron  a3  ferric  citrate  with 
citric  acid  as  a  chelator  (Rodhe,  1948).  P  and  V  were  never  added 
in  quantities  greater  than  the  maximum  quantities  found  in  the  Sound. 
The  other  inorganics  were  added  in  similar  small  amounts.  Additions 
of  soil  extract  were  1%  or  less  of  the  volume  of  the  experimental 
water, 

Usually  the  experimental  bottles,  placed  in  wire  cages,  were  sus¬ 
pended  to  a  depth  of  0.5  m  in  Milford  Harbor,  Connecticut.  The 
cage  was  hung  from  a  boat  mooring  line  to  eliminate  changes  in  depth 
with  tidal  fluctuations.  In  this  manner  natural  conditions  of  light 
and  temperature  were  duplicated  as  closely  as  possible.  A  few  oxygen 
experiments  were  done  at  anchor  stations  in  the  summer  of  1953. 
Here  water  was  taken  from  a  series  of  depths,  and  the  experimental 
bottles  w'ere  resuspended  at  those  depths  for  the  duration  of  the 
experiment.  Three  experiments  in  February  1954  were  kept  in  the 
dock  house  at  the  Milford  Laboratory  because  the  Harbor  wras  iced 
over;  light  conditions  in  these  experiments  were  unnatural,  since 
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the  bottles  were  immersed  in  tanks  in  a  building  with  only  small 
windows. 


Oxygen  Experiments .  Fig.  GA  summarizes  the  results  of  the  oxygen 
experiments.  Moderate  to  high  production,  of  oxygen  and  low 


Frr.uPK  6,  A.  Osygen  prodvctlon  (wild  circles)  and  consumption  (open  circles).  B.  Co¬ 
efficients  of  oxygen  production  (Coe3.  G)  and  consumption  (CoefT.  H). 
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Frotm*  7.  Estimated  light  reaching  several  depths  In  Long  Island  Sonnd  over  a  two 
year  period. 

respiration  were  associated  with  the  spring  flowering  and  the  spring 
period  generally.  In  summer,  oxygen  production  was  less  and  oxygen 
consumption  was  markedly  higher  than  in  the  earlier  months,  Mod¬ 
erate  to  high  oxygen  production  was  characteristic  of  the  fall  months, 
while  consumption  decreased  progressively  from  the  summer  maxi¬ 
mum.  Winter  was  a  time  of  minimum  oxygen  production  and  con¬ 
sumption. 

To  make  results  of  the  oxygen  experiments  comparable,  coefficients 
of  photosynthesis  and  respiration  were  calculated  as  the  amount  of 
oxygen  produced  or  consumed  in  ml  per  24  hours  per  fig  of  chlorophyll. 
These  data  are  plotted  in  Fig.  6B.  When  Figs.  6A  and  6B  are  com¬ 
pared,  it  is  obvious  that  the  amount  of  oxygen  produced  or  consumed 
was  net  simply  a  function  of  the  amount  of  chlorophyll  present.  For 
instance,  daring  the  spring  flowering  in  1953,  production  coefficients  in 
late  February  for  the  early  stages  of  the  flowering  were  higher  than 
those  observed  during  the  climax  a  few  weeks  later. 

The  photosynthetic  and  respiratory  coefficients  were  compared 
with  growth  coefficients  in  natural  and  experimental  populations, 
initial  nutrient  concentrations,  light,  and  temperature.  This  com- 
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parison  was  only  superficial,  since  the  data  were  not  adequate  to 
warrant  detailed  statistical  treatment.  The  only  obvious  correlation 
was  that  between  temperature  and  respiration,  although  temperature 
may  have  had  some  influence  on  photosynthesis  as  well. 

Light  Experiments.  The  amount  of  light  available  to  the  phyto¬ 
plankton  in  the  natural  environment  varies  wfith  incident  radiation, 
turbidity  of  the  water,  and  the  depth  of  the  cell  in  the  water  column. 
Experimentally,  light  w-as  varied  by  means  of  the  gauze  bags  described 
above.  Measurements  of  oxygen  production  showed  that  there  was 
a  relationship  between  the  amount  of  radiation  received  by  the 
experimental  bottle  and  the  photosynthetic  coefficient,  The  results 
of  four  experiments  are  graphed  in  Fig.  8.  While  photosynthesis 
appears  to  depend  on  the  amount  of  available  light,  all  of  the  curves 
for  the  four  experiments  are  different,  suggesting  that  light  is  not 
the  only  factor  that  influences  oxygen  production.  The  population 
which  showed  greatest  growth  in  enrichment  and  temperature  ex¬ 
periments  was  also  affected  most  strikingly  by  variations  in  light 
intensity  (Fig.  8).  The  two  higher  curves  were  obtained  with  popu¬ 
lations  taken  at  the  peak  of  the  spring  flowering  and  several  weeks 
after  the  climax,  The  population  that  w^aa  present  immediately 
after  the  climax  of  the  flowering  had  a  much  lower  level  of  response 
to  light,  suggesting  a  possible  depression  in  the  physiological  state 
of  the  cells  at  that  time. 

Although  maximum  cell  numbers  and  maximum  chlorophyll 
values  did  not  necessarily  occur  in  the  same  bottle,  the  highest  values 
for  chlorophyll  and  cell  production  were  found  consistently  in  bottles 
receiving  less  than  the  maximum  available  light,  and  they  were  also 
found  occasionally  in  bottles  receiving  the  minimum  amount  (see 
Table  IV).  In  an  early  summer  experiment  in  1954,  the  greatest 
increase  in  cell  numbers  occurred  in  an  unenriched  bottle  covered 
with  two  layers  of  gauze.  This  increase  was  due  to  growth  of  several 
diatoms,  namely  Leptocylindrieus  danicus,  Skel-etonema  costaium,  and 
Thalasaionema  nitzschioides.  In  this  experiment  higher  chlorophyll 
values  were  obtained  in  some  of  the  enriched  bottles,  but  this  increase 
appeared  to  result  primarily  from  the  growth  of  small  flagellates. 

Some  of  the  most  important  results  of  the  light  experiments  were 
found  in  the  response  of  different  species  to  varying  amounts  of 
radiation.  Experiments  during  the  early  spring  flowering  of  1954 
showed  that  Skeldonema  costatum  bad  the  highest  growth  rate  coef- 
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Fiocat  6.  Oxygen  production  cooffinianta  In  four  experiments  es  related  to  light  Intensity 
(g  cal/em«  In  a  day), 

ficient  K  in  bottles  receiving  greater  amounts  of  light.  In  bottles 
receiving  smaller  amounts  of  radiation,  Thalaosiosira  nordenskttildii 
had  the  highest  K  values,  and  those  were  almost  all  greater  than  any 
of  the  S.  codatum  K  values. 

K  values  in  dark  bottles  usually  had  the  same  sign  (he.,  positive 
or  negative)  as  the  K  values  in  the  corresponding  light  bottles,  but 
they  were  smaller.  The  K  values  obtained  in  the  bottles  and  in  the 
Sound  for  the  same  population  often  were  quit©  different  (Fig.  2), 
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Temperature-  Experiments.  In  the  1954  temperature  experiments, 
performed  during  the  early  phases  of  the  spring  flowering  when 
nutrients  were  still  in  adequate  supply,  a  slight  increase  in  tempera¬ 
ture  had  a  greater  effect  on  population  growth  than  changes  in  avail¬ 
able  light.  During  the  rest  of  the  flowering  and  postflowering  experi¬ 
ments,  increased  temperature  and  certain  light  conditions  stimulated 
population  growth,  but  this  growth  was  inferior  to  that  obtained  in 
certain  enriched  bottles  (see  Table  IV). 

Increased  temperature  in  experiments  performed  during  the  flower¬ 
ing  stimulated  the  growth  of  Skeleicmema  costalum  but  inhibited 
Thalassiosira  nordenskiCldii.  The  second  postflowering  experiment 
(March  10,  1954)  had  the  same  result.  S.  costalum  growth  rates 
in  these  experiments  were  comparable  to  those  obtained  under 
the  natural  spring  flowering  conditions  of  1953.  These  results  cor¬ 
roborated  the  field  evidence  which  suggested  that  competition  be¬ 
tween  S.  costalum  and  T.  ncrdcnskidldii  is  controlled  by  light  and 
temperature.  These  results  also  ruled  out  salinity  as  a  factor  in¬ 
fluencing  the  competitive  balance,  since  the  similar  growth  rates  for 
the  1954  experiments  and  the  natural  environment  in  1953  were 
obtained  under  quite  different  salinity  conditions. 

Nutrient  Experiments.  Several  nutrient  experiments  were  con¬ 
ducted  during  spring,  summer,  and  early  fall  in  1953.  In  these 
experiments,  cell  counts  were  the  only  index  to  the  effectiveness 
of  the  various  added  nutrients.  Aside  from  the  two  experiments 
ou  “red  water”  in  New  Haven  Harbor  (Conover,  1954),  the  1953 
results  were  highly  inconclusive.  The  three  more  elaborate  nutrient- 
experiments  in  the  late  winter  of  1954  gave  much  better  information, 
since,  in  addition  to  cell  counts,  changes  in  the  amount  of  chlorophyll, 
phosphate,  and  nitrate  were  also  measured.  A  similar  experiment  in 
the  summer  of  1954  showed  conclusively  that  cell  counts  were  not  an 
adequate  measure  of  change  in  the  enriched  experimental  bottles, 
Great  increases  in  chlorophyll  and  utilization  of  nutrient  supplies 
were  not  reflected  in  a  corresponding  change  in  cell  numbers,  so  it 
may  be  assumed  that  many  of  the  actively  growing  organisms  did 
not  withstand  formalin.  These  results  suggest  that  the  1953  experi¬ 
ments  were  inadequate  for  the  purpose,  in  that  insufficient  measure¬ 
ments  were  made  of  the  various  aspects  of  population  growth.  How¬ 
ever,  they  provided  a  small  amount  of  useful  information  that  will 
be  included  under  the  discussion  of  individual  species. 


'i  able  IV.  Suujusi  ox  Data  von  Hi*  Eimummu  in  tie  Wisteb  and  Spkxno  or  1954.  Ween  NwrarEMTH  Week  Used.  Thei 
WaiiH  Added  in  the  Following  A  hoc  :rn»  vaa  Lotes:  20  ug-at  NOi-N,  a  pg-at  POt-l\  1  jig-at  Mu,  UahI  0.2  jg^at  Ko.  A 
Weight  or  Oitbic  Acid  (CA)  Equal  ix>  the  VV eight  or  Fxauio  CmiATH  Was  Ubjcd  its  Eiraa.  1A  ~  Initial 
Analtiuii;  I.H  —  I-kibt  Jckyrri.si;  DB  —  Hade  Bottle;  2  0—2  Iutess  OatjzjB.  etc.  All  Expekimkntb 
Except  ran  Fiairr  Two  Had  Apfhoximatelt  Noshal  Light  Exj’onuKE.  Lihted  as  g  cal/cna’^daj'. 
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In  the  spring  flowering  experiments,  addition  of  nitrate  had  the 
greatest  effect  of  all  nutrients  on  population  growth.  In  two  of  three 
experiments  it  restored  the  population  to  the  natural  flowering  level, 
suggesting  that  depletion  of  this  nutrient  was  the  chief  cause  of  the 
termination  of  the  flowering.  Addition  of  phosphorous  and  iron 
brought  about  small  population  increases,  and  when  either  or  both 
were  added  along  with  nitrogen,  slightly  greater  population  increases 
took  place  than  when  nitrogen  was  added  alone.  Citric  acid  showed 
a  smaller  stimulatory  effect.  Manganese  alone  had  no  stimulatory 
effect;  in  fact,  the  results  might  be  interpreted  as  a  slight  inhibition. 
When  added  with  other  nutrients,  however,  manganese  appeared 
to  have  some  favorable  effect  (see  Table  IV). 

The  experiments  also  emphasized  the  importance  of  the  physio¬ 
logical  state  of  the  organisms.  Laboratory  culture  experiments  have 
suggested  that  the  postflowering  population  is  in  a  physiological 
state  of  senescence.  A  lag  period  during  which  there  is  a  shift  from 
a  maintenance  metabolism  to  active  growth  is  demonstrated  by  such 
populations  when  they  are  placed  under  conditions  favorable  to 
active  growth.  The  postflowering  experiments  on  March  3,  1954 
showed  that  this  was  taking  place  in  a  natural  population.  This 
was  the  only  experiment  in  which  spring  flowering  levels  were  not 
restored,  even  though  the  length  of  time,  light,  and  temperature  were 
comparable  to  other  experiments. 

The  summer  experiments  of  1954  gave  results  similar  to  the  spring 
flowering  experiments.  Highest  chlorophyll  levels  attained  in  the 
enriched  bottles  were  almost  as  high  as  the  spring  flowering  ones. 
Nitrogen  was  again  the  nutrient  that  brought  about  the  greatest 
increases,  The  other  four  nutrients  had  some  stimulatory  effect, 
phosphorous  and  manganese  being  somewhat  more  effective  than 
iron  and  citric  acid.  The  nutrient  effects  were  almost  additive  in  this 
experiment  (see  Table  IV). 

SPECIES  ACCOUNTS 

In  order  to  separate  the  more  important  species  of  phytoplankton 
in  Long  Island  Sound  from  the  less  important  ones,  two  rather  arbi¬ 
trary  categories  were  set  up.  The  major  constituents  were  defined 
as  species  which  occurred  in  numbers  greater  than  5%  of  the  total 
phytoplankton  at  least  once  in  the  two  years  of  study.  The  minor 
constituents  were  always  found  in  numbers  less  than  5%  of  the  total 
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population.  Since  the  total  population  size  varied  from  week  to  week, 
the  5%  demarkation  represents  no  read  number. 

Some  40  species  may  be  classified  os  major  constituents.  Some 
species  were  present  during  most  of  the  year  while  others  wore  re¬ 
stricted  to  a  particular  season.  Nearly  130  species  were  found  as 
minor  constituents.  The  minor  constituents  can  be  further  subdivided 
into  two  groups:  those  which  were  found  often  or  in  sufficient  numbers 
to  indicate  that  they  were  growing  in  the  Sound;  and  those  which 
were  found  only  occasionally  in  small  numbers  and  which  were  prob¬ 
ably  immigrants  unable  to  establish  themselves  in  the  Sound.  Only 
the  first  group  of  minor  constituents  will  be  considered  in  this  paper. 

In  addition  to  notes  on  the  occurrence  and  abundance  of  the  various 
Bpecies,  other  pertinent  information  obtained  from  the  environmental 
and  experimental  data  is  included.  Any  significant  difference  in 
distribution  between  inshore  and  offshore  waters  is  also  recorded. 
If  a  species  is  found  chiefly  inshore  it  may  have  requirements  for 
land-derived  nutrients,  lower  salinity,  or  some  favorable  light  or 
nutrient  condition  associated  with  the  shallow  water  column.  More 
frequent  occurrence  of  a  species  offshore  might  suggest  requirements 
for  higher  salinity  or  some  other  condition  associated  with  the  deeper 
water  column.  The  highest  concentration,  unless  otherwise  noted, 
represents  the  highest  count  obtained  in  a  single  sample. 

Certain  species  in  the  following  list  are  marked  with  an  asterisk  (*) 
to  call  attention  to  the  fact  that,  although  the  cell  numbers  are  low, 
the  cells  are  large  and  undoubtedly  made  a  greater  contribution  to 
the  economy  of  the  Sound  than  their  numbers  would  suggest. 

Major  Species 
Centrate  Diatoms 

Cerataulina  pelagica.7  A  bloom  of  this  species  in  May  1952  when 
the  water  temperature  was  around  10°  C  lasted  several  weeks.  An¬ 
other  shorter  but  larger  bloom  occurred  in  late  summer  1953  when 
the  water  temperature  was  23°.  Cell  concentrations  in  a  single 
sample  reached  nearly  2  million.  Traces  were  found  throughout 
most  of  the  rest  of  the  two  year  period.  Field  and  experimental 

*  Hendey’s  (1054)  checklist  of  British  marine  diatonic  was  used  throughout  as 
the  model  for  narne3  and  spellings. 
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data  suggest  that  it  grows  well  in  moderate  light  conditions  if  the  water 
contains  some  inorganic  nutrients. 

Chaetoceros  affine  was  found  in  August  and  September  of  both  years. 
A  few  ceils  were  also  recorded  in  winter.  It  was  not  found  in  salinities 
lower  than  27 %c,  and  it  was  observed  offshore  more  often  than  inshore. 
Highest  concentration  90.000  colls/1. 

Chaetoceros  compressurn ,  found  the  year  round,  was  most  common 
in  August  1952,  from  the  spring  flowering  through  May  in  1953, 
and  in  the  spring  flowering  of  1954.  Experiments  suggest  that 
prefers  lower  light  intensities  and  is  not  found  when  nutrients  are 
low.  Highest  concentration  259,000  cells/1 . 

Chaetoceros  curvisetuB  was  found  from  July  through  October,  with 
a  peak  in.  September.  It  was  a  major  constituent  of  the  nnnulation 
at  this  time  of  the  year.  Traces  in  November  1952  and  March  1954 
were  the  only  other  occurrences.  Maximum  temperatures  and 
moderately  high  radiation  values  characterized  its  period  of  abun¬ 
dance.  Highest  concentration  368,000  eells/1. 

Chaetoceroa  debile,  occurring  occasionally  and  in  small  numbers 
from  the  end  of  the  spring  flowering  through  October,  was  more  com¬ 
mon  inshore.  Greatest  concentration  87,000  cells;!. 

Chaetoceros  didymum,  taken  in  small  numbers  sporadically  from 
the  end  of  the  spring  flowering  through  fall,  was  more  common  off¬ 
shore.  Seasonal  distribution  and  results  of  one  experiment  suggest 
that  this  species  has  a  high  light  requirement. 

Chaetoceros  radians-Chaetocero3  tortissimum.  These  two  species 
are  combined  since  there  was  some  confusion  in  identification.  Large 
numbers  were  found  from  January  until  several  weeks  after  the  spring 
flowering,  with  smaller  numbers  in  late  spring  and  early  summer. 
These  species  were  completely  absent  only  in  fall  and  early  winter. 
Highest  concentration,  during  the  spring  flowering,  2,348,000  cells/1. 

Corethron  criophilum  was  found  from  August  through  December 
in  both  years,  with  a  trace  in  March  1952.  The  populations  were 
larger  m  1953  than  in  1952.  Salinities  were  always  above  21%c  at 
these  times,  and  it  was  taken  offshore  more  often.  Marked  increases 
were  recorded  in  light  bottle  experiments.  Radiation  means  for  the 
period  of  occurrence  were  higher  in  1953  than  in  1952.  Highest 
number  36,000  cells/1. 

*CosdnodisciLS  -per for  at  us  cellulosa  was  taken  regularly  from  July 
through  January,  with  maximum  abundance  around  mid-September. 
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An  occasional  cell  was  found  in  the  spring  plankton.  Found  offshore 
slightly  more  ofteu.  Highest  concentration  21,000  cells/1. 

Coscinodiscus  radiatus  was  taken  the  year  round  in  small  numbers, 
but  the  greatest  concentrations  were  found  in  August  of  both  years, 
with  slightly  smaller  numbers  in  May  and  June  1952.  Maximum 
concentration  24,000  cells/1. 

*Eucampia  zoodiacus  was  found  only  in  1952.  Common  in  the 
spring  diatom  population,  it  reached  a  peak  concentration  in  May. 
It  occurred  again  in  August  and  then  disappeared. 

Guinardia  fiaccida ,  found  from  April  through  July,  was  most  abun¬ 
dant  in  May  1952.  Only  a  trace  of  it  was  found  during  the  corre¬ 
sponding  period  in  1953.  Greatest  number  156,000  cells/1. 

Lauderia  horejilist  was  a.  late  winter  and  spring  Sewering  form.  The 
peak  came  in  mid-March,  following  or  coinciding  with  the  spring 
flowering.  In  1952,  when  phytoplankton  was  generally  more  abun¬ 
dant,  the  species  was  observed  through  April,  while  in  1953  it  disap¬ 
peared  four  weeks  earlier.  Temperatures  under  10°,  with  an  optimum 
from  3-7°,  are  suggested  for  this  species  by  the  field  data. 

Leptocylindricus  danicus.  Included  here  are  two  forms  which, 
had  intergrades  not  been  found,  could  have  been  called  Leptocylin - 
dricus  danicus  and  L.  minimus.  The  two  year  cycle  is  shown  in  Fig. 
9.  The  highest  concentration  was  found  in  June  1952,  although  it 
was  common  throughout  the  preceding  spring  months.  Correspond¬ 
ing  spring  and  early  summer  populations  were  insignificant  in  1953. 
It  was  taken  slightly  more  often  inshore. 

It  increased  under  all  conditions  of  light,  temperature,  and  nutrient 
enrichment  in  experiments  during  the  spring  flowering  period.  In 
light  experiments  early  in  the  season,  the  greatest  increases  occurred 
in  bottles  receiving  the  most  light;  with  the  seasonal  progression  in 
incident  radiation,  the  greatest  increases  took  place  in  the  gauze- 
covered  bottles.  In  the  June  1954  experiment,  this  species  did  not 
increase  significantly  in  any  bottles  that  were  exposed  to  the  maximum 
available  light,  including  enriched  ones,  but  it  did  increase  significantly 
in  the  bottle  receiving  about  25%  of  the  maximum. 

Paralia  sulcata.  (Fig.  9).  Throughout  most  of  the  annual  cycle  this 
species  was  found  in  small  numbers,  but  in  fall  and  winter  it  became 
a  chief  constituent  and  was  an  important  species  in  any  fall  flowering 
that  occurred.  In  experiments,  it  grew  best  in  light  of  low  intensity, 
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Floras  9.  Distribution  of  LsplocylindrUus  danicui,  Paralia  sulcata ,  and  RhUosolenia 
delicatula. 


with  enrichment  and  with  a  temperature  of  at  least  7°.  The  ex¬ 
perimental  evidence  helps  to  explain  its  abundance  in  fall  and  winter, 
Rkizosolenia  dslicatulc.  (Fig.  9).  Maximum  numbers  were  found 
in  spring  1952,  Smaller  numbers  occurred  in  spring  1953  and  in  the 
fall  of  both  years.  As  the  incident  radiation  increased  in  the  spring, 
this  species  was  more  successful  in  experimental  bottles  that  received 
less  than  the  maximum  light  available.  It  also  did  well  in  enriched 
bottles,  N  and  P  taking  first  and  second  place  respectively  as  the 
most  essential  nutrients.  In  one  experiment  this  species  disappeared 
from  light  bottles,  whether  enriched  or  not. 
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Rhizosolenia  fragillissima.  Four  blooms  were  recorded  in  the  two 
years,  one  in  spring  and  three  in  late  summer,  In  1952,  a  bloom 
which  started  in  late  April  reached  a  peak  concentration  of  144,000 
cells/1  in  early  May,  and  a  smaller  bloom  occurred  in  late  August 
and  September,  In  1953  no  spring  bloom  was  observed,  but  a  large 
bloom,  with  highest  concentrations  of  387,000  cells/1,  occurred  in 
mid-August.  The  population  died  out  by  the  end  of  August,  but 
in  mid-September  another  smaller  bloom  was  found.  Doth  this 
species  and  R.  delicaiula  were  present  in  late  rummer,  but  R.  fragillig- 
simu,  was  more  abundant;  possibly  light  is  the  critical  factor  in  this 
competition. 

Schroederella  delicaiula  was  associated  with  the  spring  flowering 
and  postflowering  period.  In  1952  it  was  found  in  small  numbers 
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until 


In  1S53  il  reaexwru  a  peak  concentration  of  i, 558, 000 


cells /I  (average,  all  stations)  on  April  1,  three  weeks  after  the  flowering 


peak;  it  disappeared  by  mid-April.  In  1954  the  peak  was  probably 


attained  in  mid-March. 


Good  growth  was  found  in  bottles  covered  with  two  and  four 
layers  of  gauze  and  in  those  with  a  7°  temperature,  but  greatest 
increases  were  obtained  in  some  of  the  enriched  bottles,  notably  the 
P,N,Mn  combination.  Low  temperature  and  low  to  moderate  light 
conditions  were  preferred,  and  it  is  possible  also  that  it  derived  some 
essential  nutrients  from  the  decaying  flowering. 

Skelctonema  costatum  was  by  fan  the  most  important  member  of  the 
phytoplankton  community  in  the  Sound,  being  present  in  at  least 
trace  quantities  the  year  round  (Fig.  10).  It  was  the  dominant  species 
of  the  1953  spring  flowering,  and  in  1954  it  shared  dominance  with 
Thalassionra  nordenskidldii.  During  spring  and  summer,  small 
blooms  took  place,  these  being  much  larger  in  1952  than  in  1953. 
A  small  bloom  was  also  recorded  in  the  fall  flowering  of  1953. 

In  most  experiments  during  the  spring  flowering  of  1954,  this 
species  had  a  greater  growth  rate  in  light  bottles  and  in  those  covered 
with  two  layers  of  gauze  than  did  Thalassiosira  nordenskidldii.  It 
increased  most  rapidly  at  this  time  at  temperatures  slightly  higher 
than  the  environmental  temperature  of  1954.  In  later  experiments 
during  the  spring  flowering,  good  growth  occurred  in  uncovered 
bottles  and  in  bottles  kept  at  higher  temperatures,  but  best  growth 
took  place  in  enriched  bottles,  AT  being  the  most  critical  nutrient. 
In  other  experiments  during  the  warm  months  of  1953,  S.  costatum 
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Figure  10.  Distribution  of  Steletonma  eostatum  and  ThalajsUmema  nitiscMcides. 


exhibited  some  growth  in  enriched  bottles,  but  better  growth  was 
often  obtained  in  control  bottles.  In  the  1954  summer  experiment, 
best  growth  took  place  in  the  bottle  covered  with  two  layers  of  gauze, 
Experimental  data  indicate  that  there  were  limits  of  light  and  tem¬ 
perature  below  which  S.  co3tatum  was  less  successful  than  other  species, 
but  there  was  a  wide  range  of  conditions  above  these  minima  in 
which  it  was  dominant  over  most  of  the  others.  The  summer  of  1953 
imposed  some  limits  on  5.  eostatum  which  were  not  present  in  1952. 
Braarud  (1945)  found  this  species  more  successful  at  10°  C  than  any 
other  species  in  his  experiments. 

Thalassiosira  decipiens.  The  three  most  important  species  of 
TJmlassiosira  followed  each  other  in  regular  succession  throughout 
the  year  (Fig.  11).  T.  decipiens  was  the  fall  and  winter  species. 
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Fiorrax  11.  Dls&ibntlon  of  Thalauiotira  nortUnskieidii,  T.  itdpitns,  and  T.  Farida. 


It  appeared  in  late  September  or  October  and  was  taken  continuously 
until  the  end  of  March.  Small  numbers  were  occasionally  found 
in  spring  and  early  summer.  It  was  a  chief  constituent  of  the  1953 
fall  flowering,  and  this  Bpecies  and  Paralia  sulcata  were  the  two  most 
abundant  forms  throughout  late  fall  and  winter.  During  the  spring 
flowering  in  1954,  it  was  found  to  be  most  successful  experimentally 
at  temperatures  higher  than  those  of  the  Sound,  in  gauze  covered 
bottles,  and  in  enriched  bottles.  These  results  help  in  interpreting 
the  fall  and  winter  abundance  of  this  species. 

Thalassiosira  gravida  was  the  spring,  summer,  and  early  fall  form 
of  this  genus.  Fig,  11  shows  that,  like  many  other  diatoms,  it  was 
more  successful  in  1952  than  in  1953.  In  both  years  there  was  a 
bloom  just  before  it  was  replaced  by  T,  decipiens.  In  the  1954 
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summer  experiment  it  did  well  with  N  enrichment,  but  it  grew  even 
better  in  the  bottle  covered  with  two  layers  of  gauze;  thus  it  is  in¬ 
dicated  that,  while  abundant  nutrients  stimulate  the  growth  of  this 
species,  they  only  partially  overcome  the  inhibiting  effect,  of  light. 
An  alternative  interpretation  of  the  iight  bottle  results  is  that  other 
species  successfully  outcompete  T.  gravida. 

Thalassiooira  norder^kioldii  was  the  spring  flowering  form  of  this 
genus.  It  was  merely  present  in  1952,  had  a  small  bloom  that  coin¬ 
cided  with  the  1953  spring  flowering,  and,  with  S.  costatum,  dominated 
the  196-1  spring  flowering  (Fig.  11).  As  was  pointed  out  above, 
spring  flowering  temperatures  and  light  were  lower  in  the  earlier 
1954  flowering  than  they  were  in  1953. 

Experimental  work  showed  that  this  species  grew  best  and  had  a 
higher  growth  rate  than  S.  ccstaium  at  low  light  intensities  but  that 
it  was  dominated  by  <$.  costatum  when  the  temperature  was  increased. 
Good  growth  was  also  obtained  in  bottles  enriched  with  N  and  P. 
Thus,  low  temperatures  and  low  light  intensities  are  suggested  as 
optimal,  assuming  no  deficiency  in  the  nutrient  supply.  If  proper 
light  and  temperature  conditions  prevail  at  a  time  when  the  rest  of 
the  conditions  are  favorable  for  the  spring  flowering,  this  species 
will  either  share  dominance  with  or  outcompete  5.  costatum. 

Th  alas  sio  sir  a  rotula  occurred  only  sporadically  throughout  the  year. 
Small  blooms  took  place  during  and  just  following  the  spring  flowering, 
in  May-June,  in  mid-July,  and  in  September  and  October.  Small 
numbers  occurred  throughout  the  rest  of  the  year,  Maximum 
concentration  375,000  cells/l  in  autumn  1953.  Found  more  often 
inshore. 

Pennate  Diatoms 

Asterionella  formoea,  properly  speaking,  is  a  freshwater  form. 
It  is  undoubtedly  carried  by  rivers  into  the  Sound,  where  it  can 
perhaps  exist  marginally.  It  was  found  from  January  to  May  and 
was  most  abundant,  as  might  be  expected,  after  periods  of  high 
precipitation.  Highest  concentration  57,000  cells, d.  Normally  the 
numbers  were  much  smaller. 

Asterionella  japonica  was  more  successful  in  1952  than  in  1953. 
Highest  numbers  were  found  in  March,  and  it  was  abundant  from 
May  through  July  1952.  It  disappeared  in  August  and  was  not 
found  again  until  January  1953.  One  peak  in  1963  coincided  with 
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the  spring  flowering;  smaller  peaks  were  found  in  April  and  July. 
A  moderate  bloom  was  found  in  October  1953  at  the  beginning  of  the 
fall  flowering.  .After  this  it  disappeared  and  was  not  found  again 
until  March  1954.  Found  more  often  inshore.  Largest  numbers 
1,454.000  e ells/1. 

In  the  March  1C54  experiments  this  species  grew  best  in  some  of 
the  gauze-covered  bottles.  It  was  also  successful  in  a  bottle  with 
a  raised  temperature  as  well  as  in  bottles  enriched  with  citric  acid 
only  and  with  a  combination  of  N,P,Mn,  and  citric  acid.  All  evidence 
indicates  that  this  species  can  grow  in  a  wide  range  of  temperature 
conditions  and  that  it  prefers  moderate  light  conditions  provided 
nutrients  are  present  in  concentrations  greater  than  the  minimum 
in  the  Sound.  The  more  frequent  occurrence  of  this  species  inshore, 
coupled  With  ItD  SUl'ocsc  in  but  lies  enriched  witn  citric  acid,  suggests 
a  possible  requirement  for  organic  substances. 

Xiizschia  delicatissima.  This  species,  found  in  the  spring  and  late 
summer  months  of  1952,  was  taken  only  in  May  1953.  It  was  never 
really  successful  in  Long  Island  Sound.  Highest  concentration  only 
12,000  cells/1.  Its  seasonal  distribution  suggests  moderate  light 
and  nutrient  requirements.  It  -was  found  under  a  wide  range  of 
temperature  conditions. 

Xiizschia  longissima  was  found  from  March  through  December. 
Principal  periods  of  growth  were  late  spring  1052,  October  1952, 
mid-July  1953,  and  mid-September  1953.  Highest  concentration 
31,000  cells, /l,  Found  more  often  inshore. 

In  the  1953  and  1954  summer  experiments  it  did  well  in  light-  bottles, 
but  it  was  even  more  successful  in  enriched  bottles,  concentrations 
l>eing  ten  times  higher  than  the  greatest  natural  ones.  While  this 
response  was  clear-cut,  one  cannot  discount  the  possibility  that  in¬ 
creased  surface  area  provided  by  the  bottles  favored  the  growth  of 
this  pennate  diatom,  Higher  temperatures,  moderate  to  high  light 
intensity,  and  enriched  waters  seemed  favorable. 

Xiizschia  pungens  atlantica ,  found  from  April  to  December  1952, 
appeared  only  in  October  of  1953.  Highest  concentration  27,000 
cells/1  in  June  1952  and  October  1953.  Found  more  often  inshore. 
Moderate  light,  moderate  temperature,  and  at  least  moderate  amounts 
of  nutrient  enrichment  are  suggested  as  requirements. 

Thalassionema  nitzschioid.es.  Highest  numbers  were  found  in  early 
March  1952  (Fig.  10).  Other  small  blooms  occurred  from  August 
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1952  through  the  spring  flowering  of  1953.  Another  pesk  was  noted 
in  August  1953,  but  there  was  no  increase  at  the  time  of  the  fall 
flowering,  and  high  concentrations  wore  not  found  again  until  the 
spring  flowering  in  1954.  Though  continually  present  in  r  ,ig  Island 
Sound,  it  was  seldom  abundant  enough  to  be  classed  as  .v  dominant 
species.  Taken  slightly  more  often  offshore. 

In  the  1954  spring  flowering  experiments,  best  growth  was  often 
obtained  in  bottles  covered  with  four  layers  of  gauze;  good  growth 
was  also  obtained  in  bottles  enriched  with  P,N,  and  additional  nu¬ 
trients.  In  the  1954  summer  experiment,  good  growth  occurred 
in  the  bottle  covered  with  two  layers  of  gauze,  but  better  growth 
occurred  in  some  of  the  heavily  enriched  bottles.  Growth  was  also 
obtained  in  enrichment  experiments  in  summer  1953.  Maximum 
light  conditions  were  indicated  se  too  high,  but  beyond  this  nothing 
specific  can  be  said. 

Dinoflagellates 


Dinophysis  acuminata  was  found  in  all  months  of  the  year  except 
January  and  February.  In  1952  there  were  small  blooms  in  mid- 
April  and  late  May.  The  largest  numbers  in  both  yean?  occurred 
from  mid-June  through  July,  the  maximum  being  67,000  cells/1. 
In  1953  a  small  bloom  occurred  at  the  end  of  June,  and  a  larger  one 
took  place  in  July,  with  48,000  cells/1  in  one  sample.  Taken  more 
often  inshore, 

Exunella  apora  was  found  only  from  June  to  September,  The 
largest  concentration,  at  the  end  of  June  1952,  was  306,000  cells;!. 
A  much  smaller  peak  was  found  at  the  end  of  July.  In  1953  small 
peaks  occurred  around  the  end  of  June  and  the  first  of  September, 
the  latter  one  being  the  larger.  The  distribution  indicated  a  preference 
for  maximum  light  and  temperature  conditions. 

Peridinium  elongatum  was  found  from  May  through  August,  some¬ 
times  in  numbers  great  enough  to  constitute  more  than  5%  of  the 
population. 

Pem,dinium  irochoideum.  This  species,  found  in  trace  quantities 
the  year  round,  was  fairly  common  in  the  warm  months  of  the  year. 
There  was  a  small  bloom  in  March  1952.  The  characteristic  May-June 
flowering  was  much  larger  in  1953  than  in  1952;  the  highest  number 
for  this  period  in  1952  was  141,000,  in  1953  1,121,000  cells/1.  Found 
more  often  inshore.  It  is  probably  significant  that  it  was  one  of  the 
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few  species  which  did  better  the  second  year  than  the  first  during  late 
spring  and  early  summer. 

Prorocentrum  scuteUum 3  occurred  from  June  through  February, 
with  peak  concentrations  in  July  and  August.  The  summer  bloom 
in  1952  was  slightly  larger  than  that  in  1953.  A  small  bloom  was 
also  found  in  September  and  October  of  both  years.  The  distribu¬ 
tion  suggested  that  greatest  abundance  coincided  with  the  sea¬ 
sonal  maxima  in  temperature  and  probably  light.  Maximum  concen¬ 
tration  600,000  cells/1  in  1952.  Found  slightly  more  often  offshore. 

Silicofiagellates 

Dietep'hanus  speculum,  was  recorded  throughout  the  year  except 
for  a  short  period  in  October.  The  largest  bloom  was  around  the 
end  of  April  1952,  with  a  peak  concentration  cf  100,000  ccUs/l.  In 
both  1953  and  1954,  small  blooms  took  place  during  the  spring  flower¬ 
ing.  In  the  spring  of  1954  it  did  well  in  bottles  with  reduced  light 
as  well  as  in  bottles  enriched  with  P,N,  and  other  nutrients,  and  in 
one  experiment  with  raised  temperature.  This  evidence,  plus  field 
data,  indicates  a  preference  for  moderate  light  and  temperature  and 
at  least  moderate  nutrient  conditions. 

Ebria  tripartita  occurred  the  year  round,  except  for  a  short  period 
in  midfall.  It  exhibited  best  growth  in  August  of  both  years,  with 
smaller  blooms  in  May  1952  and  during  the  1654  spring  flowering. 
The  summer  bloom  in  1952  was  larger  than  that  in  1953.  Highest 
concentration  in  1952  during  this  period  49,000  cells, I. 

Other  Forms 

In  Long  Island  Sound,  a  phytoplankter  was  quite  frequently  ob¬ 
served  which  may  have  been  an  aberrant  dinofi&gellate,  but  it  re¬ 
sembled  more  closely  a  freshwater  Euglena.  It  was  nearly  always 
found  inshore,  where  it  was  taken  sporadically  the  year  round,  al¬ 
though  it  was  most  abundant  in  summer.  Highest,  concentration 
217,000  cell  s/1.  It  was  always  associated  with  “red  tides’*  in  New 
Haven  Harbor,  but  it  was  never  a  major  red  tide  organism.  In  the 
experiment  performed  with  “red  water’’  on  July  7,  1953,  this  species 

*  This  may  not  be  the  correct  identification  of  this  organism.  In  many  ways  it 
resembles  Prorcxxnirum  mieana,  bat  It  lacked  that  species’  pointed  apex  of  the  cell 
body,  Clearly  identifiable  P.  micans  have  been  found  in.  Long  Island  Sound  (see 

p.  100). 
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did  particularly  well.  The  initial  concentration  of  741,000  cells/1 
at  least  tripled  in  all  bottles  except  the  high  salinity  replicate  enriched 
with  N",  It  increased  to  ten  times  the  initial  concentration  in  the 
rephnaie  which  was  enriched  with  N  but  in  which  the  salinity  was 
not  changed.  Thus  requirements  for  high  temperature  and  abundant 
light  are  indicated,  together  with  good  enrichment,  possibly  derived 
from  shore.  The  optimum  salinity  may  be  below  the  range  usually 
found  in  Long  Island  Sound. 

Minor  Species 
Centrate  Diatoms 

Actinoptychus  seriarius  occurred  throughout  the  year. 

* Biddxdphia  aurita  was  found  in  small  numbers  from  October 
through  February,  reached  peak  numbers  in  March,  disappeared 
in  April,  and  reappeared  occasionally  in  the  summer.  This  species 
consistently  increased  in  the  raised  temperature  experiments  in  the 
spring  of  1954.  It  also  did  well  in  some  of  the  gauze-covered  bottles. 

*Biddulphia  aurita  obiusa.  Small  numbers  in  May. 

Chaetoceros  breve.  May  1952. 

Chaetoceros  constrictum  commonly  occurred  from  January  through 
April  in  small  numbers. 

Chaeloceros  costoius  was  found  the  year  round  during  periods  of 
high  nutrient  concentrations. 

Chaeloceros  danicum  occurred  in  greatest  abundance  from  February 
through  April,  with  lesser  peaks  in  May  and  July.  It  was  found 
in  small  numbers  throughout  the  rest  of  the  year. 

Chaeioceros  decipisns  appeared  in  January,  reached  a  climax  in 
March,  experienced  minor  blooms  from  May  through  September, 
and  disappeared  in  October.  It  did  well  in  N-enriched  experiments. 

Chaetoceros  gracile  was  taken  only  in  1952.  Greatest  concentrations 
were  found  in  March,  smaller  ones  in  July.  It  disappeared  in  August. 

Chaeioceros  lauderi  was  found  only  in  July  1952  when  it  was  rela¬ 
tively  abundant. 

Chaeloceros  simile.  March,  April,  and  July  1952  and  late  winter 
1954. 

Chaetoceros  subsecundum  occurred  as  a  trace  in  February  and  was 
most  abundant  in  March. 

Chaetoceros  teres.  Present  in  July  and  August  of  1952. 

*Co8cinodiscus  centralus  pacifica  was  found  from  June  through 
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December,  with  a  peak  in  August,  This  suggests  a  high  temperature 
preference.  It  showed  a  significant  increase  in  one  fall  experiment 
enriched  with  P. 

Coscinodiscus  concinnus  was  found  mainly  in  August,  although  a 
few  were  also  present  in  December. 

*  Coscinodiscus  excentricus ,  present  in  email  numbers  throughout 
much  of  the  year,  reached  peak  concentrations  during  May  and 
October.  During  the  latter  month  it  was  sometimes  difficult  to 
make  a  clear  distinction  between  this  species  and  large  single  cells 
of  Thalassiosira  decipiens. 

Coscinodiscus  lineatus  was  found  throughout  1952,  being  most 
common  in  May  and  October. 

Coscinodiscus  ocidus-iridi s.  January  tn  Anri]  1953. 

Coscinosira  polychorda.  Small  numbers  in  May  1953. 

mDitylum  brighhoellii  was  most  common  in  1952;  in  other  years 
it  was  found  only  as  an  occasional  trace.  In  1952  it  was  most  abun¬ 
dant  in  March,  common  from  April  to  August,  and  present  as  a 
trace  from  October  to  December. 

Hemiaulus  hauckii  and  H.  sinensis.  August  1952  only. 

Lithodesmium  undulaium.  Small  numbers  in  September  and 
October  1953. 

Melosira  italica  (?),  like  Asterionella  formosa  (see  p.  93),  is  properly 
a  freshwater  form,  but  it  was  occasionally  found  in  Long  Island 
Sound,  apparently  in  a  viable  condition,  chiefly  in  the  spring  months 
after  heavy  rains. 

Rhizosolenia  calcar-avis  was  found  as  a  trace  in  August  1952, 

Rhizosolenia  hebatata  occurred  as  a  trace  in  May  1952. 

*Rhizosolenia  setigera  was  common  the  year  round.  Smallest  num¬ 
bers  occurred  in  November  and  December;  highest  numbers  were 
found  from  February  to  May;  a  small  peak  was  also  found  in  Septem¬ 
ber.  This  species  showed  some  increase  in  a  bottle  covered  with  six 
layers  of  gauze  and  in  several  of  the  bottles  enriched  with  only  one  in¬ 
organic  element. 

Rhizosolenia  slyliformis  and  R.  styliformis  langispina  were  found 
in  a  few  samples  in  April  and  May  1952. 

Fermate  Diatoms 

Bacillaria  paxillifer.  May  and  July  1952. 

Diatoma  elongatum.  Small  numbers  in  the  spring  of  1952. 
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Fragiiiaria  crotonensis,  October  to  December  1952. 

Grammatcphora  m.arina.  Small  numbers  from  October  to  December 
and  from  March  to  May. 

Licmophcra  abbrei-iata  and  Licmophora  spp.  were  found  in  small 
numbers  in  March,  April,  and  September. 

Navicula  distans  occurred  from  September  to  May,  with  a  peak 
in  November. 

Nitzschia  bilobata  was  found  from  March  through  July  in  1952,  but 
only  in  March  1953. 

Nitzschia  closterium  was  obtained  from  December  to  August,  with 
a  peak  in  March.  In  two  summer  experiments  this  species  increased 
in  bottles  enriched  with  only  N. 

Nitzschia  pacifica.  Small  numbers  from  May  through  July. 

Plcurosiy'mu  nvnnuui  occurred  the  year  round,  with  highest  con¬ 
centrations  in  May  and  November. 

Rhaphoneis  amphiceros  was  found  in  a  few  sampies  in  March  and 
September. 

Rhabdonema  minutem  occurred  as  a  trace  in  October. 

Slriaiella  interrupta  was  taken  in  June  and  in  the  fall  months,  with 
greatest  numbers  in  October, 

Surirella  fastuasa  recendens .  Small  numbers  in  August  and  Decem¬ 
ber. 

T halos  siotkrix  frauenfeldii.  March  through  May  in  1952  only. 

DinoSagellates 

Ceratium  Justus  occurred  from  May  through  July,  with  highest 
numbers  in  June. 

Ceratium  lincaium  was  found  from  April  through  August,  with  a 
peak  in  June  and  July.  In  a  mid-June  experiment  in  1953  this  species 
increased  significantly  only  in  bottles  enriched  with  soil  extract, 

Dinophysis  acuta  was  found  as  a  trace  in  March  1952  and  in  small 
numbers  from  June  through  August  1953. 

Dinophysis  arctica.  Small  numbers  in  July  and  August  1952. 

Diru)physis  caudata.  April  1953  only. 

Dinophysis  recurva.  March  1952  only. 

Exuviella  baltica  was  taken  from  March  through  July,  with  a  peak 
in  May.  Greater  numbers  were  taken  in  1952  than  in  1953. 

Glenodinium  dinobryonis  was  present  from  Maich  through  August, 
with  a  peak  in  May  and  a  smaller  one  in  July. 
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Glenodinium  gymnodinium.  April  anu  May. 

Glenodinium  lenticula  was  found  from  March  through  October,  with 
greatest  numbers  from  March  to  May  1952. 

Glenodinium  pilul-a .  Small  numbers  from  May  to  October;  it  was 
more  abundant  in  1953  than  in  1952. 

Glenodinium  rolundum  w?,s  found  as  a  trace  in  May  and  June  1952. 

Goniaulax  afric-ma  (?)  and  G.  cochlea  (?)  were  the  chief  red  tide 
organisms  (see-  Conover,  1954).  They  were  found  in  small  numbers 
in  the  Sound,  almost  always  at  the  inshore  etations.  Their  existence 
in  open  Sound  waters  was  marginal  at  best. 

Goniaulax  minima  was  found  from  June  through  September,  with 
greatest  concentrations  in  June.  It  was  often  associated  with  red 
tides. 

Gymnodinium  canus.  March  through  June,  with  a  June  peak; 
also  September  through  November. 

Gymjwdinium  caput.  April  through  June,  with  a  small  peak  in  the 
latter  month. 

Gymnodinium  heterostriaium.  Trace  quantities  in  March  1952 
and  May  1953. 

Peridinium  breve .  March  through  July,  with  a  peak  in  May. 

Peridinium  bulla.  April  and  May,  with  greatest  abundance  in 
the  latter  month. 

Peridinium  fimbriatum  was  found  from  May  through  July,  with 
the  highest  concentrations  in  May.  The  1953  May  peak  was  larger 
than  that  of  the  year  previous. 

Peridinium  globulus  was  taken  from  February  through  July,  being 
most  abundant  from  March  to  May. 

Peridinium  hyalinum.  April  through  July,  with  peak  numbers 
in  June  and  July. 

Peridinium  minusculum.  March  through  August,  with  a  peak 
in  May. 

Peridinium  triqueium.  Small  numbers  from  May  through  August. 

Peridinium  spp.  is  a  general  category  for  many  individuals  not 
easily  identified.  Individuals  in  this  group  were  taken  from  March 
through  September,  but  by  far  the  greatest  numbers  were  taken  in 
the  summer  months  when  the  other  members  of  this  genus  were 
generally  most  abundant. 

Prorocentrum  micans.  March  through  September,  with  small  peaks 
in  March  and  in  June  and  July. 

Prorocentrum  tricstinum.  August  through  October. 
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Silicoflagellates 

Dictyocha  fibula  was  taken  occasionally  in  September  and  January. 

Coccolithophores 

Individuals  of  this  group  were  occasionally  found;  most  often  they 
resembled  descriptions  of  the  genus  Acanthoica.  They  were  never 
taken  in  large  numbers  and  were  found  only  in  March  and  April. 


Other  Forms 


At  least  two  species  of  green  or  blue-green  algae,  one  resembling 
Ar.aebena,  were  occasionally  taken  in  the  samples.  They  were 


prooably  freshwater  fciuiS  tual  were  wssueu  mtu  tne  ooquq,  mey 
were  taken  most  often  in  summer. 


PHYTOPLANKTON  ASSOCIATIONS 

Even  the  most  cursory’  glance  at  the  previous  section  reveals  a 
regular  succession  of  important  species  through  the  annual  cycle; 
furthermore,  this  succession  was  repeated  from  year  to  year.  Of 
course,  the  two  annual  cycles  were  not  exactly  the  same.  There  were 
slight  shifts  in  the  time  of  various  events,  and  many  species  did  not 
occur  in  the  same  abundance  each  year.  The  most  important  varia¬ 
tions  between  the  two  years,  as  pointed  out  previously,  were  the 
greater  number  of  dinoflageilates  and  the  markedly  smaller  numbers 
of  diatoms  in  the  late  spring  and  summer  of  1953  as  compared  with 
1952,  and  the  presence  of  a  fall  flowering  in  1953  which  was  absent 
the  previous  year. 

The  spring  flowering  was  dominated  by  either  Skeletonema  costaium 
alone  or  by  S.  ccstatum  and  Thalassicsira  nordenskiSldii  together. 
Other  species  were  typically  found  in  significant  numbers  at  this 
time  as  well.  Chaeioceros  compresaum  and  C.  radians-C.  tortissi- 
mum,  Leptocylindricus  danicus ,  Rhizosolenia  delicatula,  Thalassicmema 
niizschiaides,  Peridinium  trochoideum,  and  Distephxinus  speculum  were 
abundant.  Asterionella  japoraca,  Lauderia  borealis,  and  Schroederella 
delicatula  appeared  during  the  flowering  and  reached  climaxes  a  few 
weeks  after  the  main  flowering  peak.  This  was  particularly  striking 
in  the  case  of  S.  delicatula;  perhaps  this  specie3  is  favored  by  the 
presence  of  products  of  the  decaying  flowering.  The  actual  numbers 
and  relative  importance  of  these  spring  flowering  species  varied  from 
year  to  year. 
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In  the  spring  months,  another  group  of  phytoplankton  species 
became  abundant.  From  April  through  early  June,  Skehtonemo 
costaium  persisted,  as  did  Chaetcceros  compressum ,  RhizosoUnia  deli- 
caiula,  Thalassiosira  rotula,  and  Aalerionella  japonica.  Asterioneila 
formosa  commonly  occurred  in  the  spring  plankton.  Thalassiosira 
gravida  replaced  T.  noroenskioldii  as  the  most  abundant  member  of 
this  genus.  Highest  concentrations  of  Disiephanus  speculum  occurred 
in  April.  In  May,  blooms  of  Cerataulina  pelagica ,  Guinardia  flaccida, 
and  Rhizosolcnia  fragillis&ima  were  observed.  Pcridinium  trochoideum 
reached  highest  concentrations  in  May  and  June,  Leptocylindricus 
danicus  in  June. 

P eridinium  irochcideum,  Dinophysis  acuminata ,  and  Eximella 
apora  shared  dominance  during  late  June  and  early  July,  and  several 
species  of  Ceratiurn  were  present.  In  late  July  Prorocentrum  scutellum 
became  plentiful,  and  in  1952  the  ubiquitous  Skeletonema  costatum 
had  another  bloom  at  this  time.  Early  in  August  Elyria  tripartita 
and  Rhizosolcnia  fragillissima  were  abundant.  In  late  August  and 
September,  Cerataulina  pelagica,  Chaetoceros  affine,  C.  compressum, 
and  C.  cunnselus  were  found.  If  conditions  became  suitable  for  a 
small  general  bloom,  some  or  all  of  these  species  dominated  it.  As 
the  season  progressed  into  October,  Corethron  criophilum,  Coscinodiscus 
perforalus  ceUvJosa ,  C.  radiatus,  and  Skeletonema  costatum  appeared 
in  greater  numbers.  Thalassiosira  gravida,  T.  rotula,  Asterioneila 
japonica,  and  Thalassionema  nitzschioides  were  taken  regularly  in  this 
period  as  well. 

Corethron  criophilum,  Coscinodiscus  perforaius  cellulosa,  C.  radiaius , 
Thalassiosira  gravida,  T.  rotula,  and  Thalassionema  nitzschioides 
persisted  through  October  but  occurred  in  diminishing  numbers  as  the 
season  advanced.  Rhizosolerda  delicaiula,  Skeletonema  costaium, 
and  Peridinium  trochoideum  were  also  common  at  this  time.  Paralia 
sulcata  and  Thalassiosira  decipiens,  which  rapidly  became  dominant 
in  late  October,  continued  abundant  through  December  and  early 
January.  If  an  October  flowering  occurred  it  was  dominated  by  these 
two  species  plus  Skeletonema  costaium.  Thalassionema  nitzschioides 
also  was  common. 

In  January,  other  species  began  to  succeed  Paralia  sulcata  and 
Thalassiosira  decipiens  as  conditions  gradually  became  favorable  for 
a  spring  flowering,  but  they  continued  to  be  found  in  decreasing 
numbers  until  the  time  of  the  flowering  climax. 
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The  following  species  occurred  in  markedly  greater  numbers  in 
1952  than  in  1953:  Ceraiaulina  pelagica,  Chaetoceros  comprcssum, 
Dityhm  brighticellii,  Eucampia  zoodiacus,  Guinardia  flaccida ,  Lepto- 
cylindricus  danicus,  Rhizosolenia  delicahda,  R.  fragiUissima,  Skeletone- 
mo  costatum,  Thalassiosira  gravida ,  AsterioneUa  japonica,  Nitzschia 
pungern  atlarJica,  and  Distephanus  speculum.  Peridinium  elongatum, 
P .  fimbriatum,  and  P.  trochoideum  were  more  abundant  in  1953  than 
in  1952. 

ENVIRONMENTAL  CONDITIONS  AND 
THE  ANNUAL  CYCLE 

In  the  marine  environment  there  ore  several  ecological  factors 
which  control  the  increase  and  decrease  of  the  standing  phytoplankton 
crop  as  measured  by  cell  numbers  and  the  amount  of  chlorophyll. 
Oniy  one  factor  directly  alters  the  number  of  cells  in  the  water  column, 
namely,  grazing  by  herbivores;  other  factors  operate  indirectly  by 
affecting  the  physiology  of  the  cells.  Of  the  five  essentials  in  auto¬ 
trophic  plant  growth  and  maintenance,  namely  carbon  dioxide,  water, 
oxygon,  light  energy,  and  nutrients,  probably  only  the  last  two  need 
be  considered  in  Long  Island  Sound.  However,  the  complexities  of 
the  oceanic  environment  are  such  that  many  factors  influence  the  rate 
of  supply  of  the  essentials.  These  factors  will  be  discussed  briefly 
before  proceeding  with  an  analysis  of  the  seasonal  cycle. 

The  light  available  to  the  phytoplankton  in  the  Sound  is  summarized 
in  two  ways.  Fig.  7  shows  the  estimated  incident  radiation  at  the 
surface  together  with  estimates  for  two  other  depths  calculated  from 
the  formula  I ,  =  I ,  is  the  radiation  in  g  cal/cm3/day  at  depth  2, 

I0  is  incident  radiation,  and  h  is  the  extinction  coefficient  per  meter 
as  determined  from  Secchi  disc  readings,  using  the  conversion  method 
described  by  Poole  and  Atkins  (1929).  (See  Riley’s  paper  on  Physical 
Oceanography  in  this  volume.)  Monthly  means  are  given  in 
Table  II. 

Light  and  dark  bottle  experiments  bare  shown  that  a  small  amount 
of  photosynthesis  occurs  at  depths  of  15  m  or  more  in  summer.  Anal¬ 
yses  of  oxygen  distribution  (see  Riley’s  paper  on  Production*  and 
Utilization*  in  this  volume)  indicate  that  photosynthetie  oxygen 
production  exceeds  oxygen  consumption  by  the  plankton  community 
in  the  upper  10  or  15  m  during  summer  but  only  in  about  the  upper 
2.5  m  during  winter.  In  the  latter  case  particularly,  the  depth  of 
water  and  the  amount  of  turbulence  will  have  an  important  effect 
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on  the  amount  of  light  available  for  any 'individual  cell.  Optimum 
conditions  for  growth  are  to  be  found  in  shallow  water  or  in  deeper 
but  vertically  stable  water  that  permits  retention  of  cells  near  the 
surface  where  they  can  grow  actively.  Conversely,  growth  will 
be  reduced  by  vertical  turbulence,  which  has  the  net  effect  of  reducing 
the  amount  of  light  available  for  each  cell  in  the  population,  or  by 
lateral  mixing,  which  tends  to  reduce  the  shallow  water  population. 

It  is  also  apparent  from  the  experimental  work  that  inorganic 
nutrients,  particularly  nitrogen,  influence  the  rate  of  increase  of  the 
population;  these  are  probably  the  most  important  controlling  factors 
during  spring  and  summer, 

There  are  two  other  factors  which  indirectly  control  the  phyto¬ 
plankton  population,  namely  temperature  and  salinity.  Perhaps 
their  most  obvious  effect  is  the  influence  on  species  composition. 
Temperature  also  influences  the  rates  of  photosynthesis,  nutrient 
uptake,  and  respiration  (Barker,  1935a,  1035b;  Hoagland,  1948; 
Margaief,  1954),  and  perhaps  it  affects  the  sinking  rate  by  altering 
the  viscosity  of  the  water.  Loss  of  cells  by  sinking  may  also  be 
influenced  by  various  other  factors  that  alter  the  physiological  state 
of  the  organisms. 

Midwinter,  The  environment  at  this  time  was  characterized  by 
minimum  radiation,  decreasing  temperature,  slight  stability  and 
strong  vertical  turbulence,  and  large  concentrations  of  phosphate 
and  nitrate.  Experimental  measurements  of  daily  photosynthesis 
of  the  surface  phytoplankton  population  averaged  0.15  ml  Oj/1  in 
December  and  January,  or  about  half  the  annual  mean.  In  view 
of  the  small  amount  of  phytoplankton  in  the  water,  this  indicates 
a  relatively  high  rate  of  production  in  the  surface  layer.  However, 
the  observed  distribution  of  oxygen  indicates  that  production  exceeded 
consumption  only  in  the  upper  few  meters.  Thus  it  seems  likely 
that  low  light  intensity  and  strong  vertical  turbulence  were  responsible 
for  suppression  of  growth  in  the  population  as  a  whole. 

The  Flowering  Period.  A  winter  bloom  appears  to  be  common 
in  Long  Island  Sound.  The  flowering  here  tends  to  be  earlier  than 
that  in  more  exposed  New  England  waters,  such  as  Block  Island 
Sound,  Georges  Bank,  and  the  Gulf  of  Maine,  but  it  is  later  than 
that  which  occurs  in  some  very  shallow  protected  bays  (Fish,  1925; 
Bigelow,  192C). 
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In  1953  the  flowering  started  between  February  18  and  24  and 
culminated  about  March  18.  The  following  year  it  was  three  weeks 
earlier.  Both  blooms  fell  within  the  period  of  gradually  increasing 
vernal  radiation.  But  there  were  no  pronounced  differences  in  the 
radiation  pattern  from  one  year  to  the  next;  hence  the  general  level 
of  radiation  was  significantly  lower  at  the  time  of  the  1 954  flowering. 

A  slight  amount  of  surface  warming,  with  accompanying  reduction 
in  verxical  turbulence,  occurred  during  the  1953  flowering.  In  1954, 
this  did  not  occur  until  near  the  end  of  the  bloom,  and  calculated 
values  for  vertical  turbulence  were  larger  than  those  in  the  flowering 
period  of  the  preceding  year.  Thus  the  earliness  of  the  1954  flowering 
cannot  bo  explained  on  ui  louiauun  ui  tci  ujuu  oitsDuny. 

There  were  indications  of  greater  horizontal  stability  in  1954  in  that 
the  density  difference  between  inshore  and  offshore  waters  was  con¬ 
siderably  greater  than  that  in  1953.  If  the  climax  occurred  a  week 
earlier  inshore,  as  is  suggested  by  the  data,  then  the  case  for  the  im¬ 
portance  of  horizontal  stability  is  strengthened.  Under  such  con¬ 
ditions,  events  in  the  inshore  waters  should  be  largely  independent 
of  those  in  the  offshore  environment.  The  effective  radiation  would 
presumably  reach  the  critical  level  in  the  shallow  water  before  con¬ 
ditions  became  favorable  offshore,  and  retention  of  the  population 
inshore  would  therefore  promote  an  early  flowering, 

The  magnitude  of  exchange  between  inshore  and  offshore  waters 
is  highly  variable  and  has  not  been  analyzed  in  quantitative  terms, 
so  that  its  importance  in  the  present  study  cannot  be  evaluated 
precisely.  It  is  reasonable  to  suppose  that  horizontal  stability  helped 
to  promote  an  early  flowering  in  1954  but  was  not  necessarily  the 
major  factor. 

Another  aspect  that  needs  to  be  considered  is  the  species  composition 
during  the  flowering  and  the  physical  requirements  of  the  dominant 
species.  The  bloom  was  dominated  by  centrate  diatoms,  although 
pennate  diatoms  and  silicoflagellates  also  showed  considerable  growth. 
The  two  most  important  species  were  Skeletonoma  costaium  and 
Thalassiosira  nordenskioldii.  Both  Were  present  during  the  mid¬ 
winter  period.  As  the  1953  flowering  progressed,  S.  costaium  became 
excessively  dominant  ;  at  the  stations  sampled  on  March  9  it  achieved 
a  maximum  concentration  of  36  million  cells,'!  compared  with  ono 
million  T.  nordenskidldii.  In  1954  T.  nordonskidldii  w’as  relatively 
more  important.  It  increased  to  a  maximum  of  six  million  on  Febru- 
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ary  17  while  S.  costalum  achieved  a  peak  concentration  of  nine  million 
the  following  week.  Since  the  former  is  a  much  larger  species,  it 
clearly  dominated  the  early  part  of  the  flowering  with  respect  to 
volume  of  plant  material  if  not  total  numbers. 

The  experiments  during  the  1954  flowering  period  showed  that  T. 
nordenskidldii  was  successful  in  competition  with  S.  costalum  at 
temperatures  of  less  than  2-3°  C,  while  the  latter  species  was  more 
successful  at  higher  temperatures.  There  are  indications  too  that 
T.  nordenskidldii  could  grow  actively  at  lower  light  intensity  than 
that  required  by  S.  costalum. 

The  experiments  readily  explain  the  observed  differences  in  species 

»  .  *  •  .  i  i  mi  •  »  e  \  r\  r  n\  f  it  . .  - 

composition  in  me  sauna.  1  ne  winter  ui  xvuo  waa  uuc  ui  me  vt&imcot; 
on  record,  and  the  mean  water  temperature  was  3.2°  in  February 
2nd  3.7°  in  March.  More  nearly  normal  conditions  were  found  in 
1954,  with  a  mean  temperature  of  1.7°  in  February.  This  undoubtedly 
favored  the  growth  of  T.  TArdenskioldii;  it  is  further  suggested  that 
the  tolerance  of  this  species  to  low  light  intensity  was  important  in 
promoting  an  early  flowering. 

The  growth  coefficients  indicate  that  the  large  amounts  of  phy¬ 
toplankton  at  the  peak  of  the  flowering  resulted  from  a  steady  popu¬ 
lation  growth  under  favorable  environmental  conditions  rather  than 
from  a  sudden  change  in  growth  rate.  Growth  rates  were  quite 
high  throughout  this  period  but  were  not  significantly  higher  than 
those  at  other  times  of  the  year.  A  graph  of  K  values  against  time 
did  not  resemble  the  theoretical  logistic  observed  in  laboratory  cul¬ 
tures,  since  growth  rates  appeared  to  be  relatively  constant  so  long 
as  the  population  numbers  were  increasing.  However,  coefficients  of 
oxygen  production  and  consumption  suggest  that  the  phytoplankton 
was  physiologically  more  active  two  weeks  before  the  climax  than  on 
the  day  when  maximum  numbers  were  observed.  Possibly  the  point 
designated  as  the  climax  of  the  flowering  in  Fig.  1  was  actually  in  the 
early  post-flowering  phase,  in  which  case  senescence  might  explain  the 
lower  coefficient  of  oxygen  production;  however,  the  data  from  the 
intervening  week  indicate  that  the  coefficient  of  oxygen  production 
actually  started  to  decline  while  the  population  was  still  increasing. 

Termination  of  the  flowering  was  clearly  brought  about  by  nutrient 
depletion.  Addition  of  inorganic  nutrients,  nitrogen  being  the 
most  important,  restored  the  phytoplankton  population  to  flowering 
levels  within  the  period  of  the  experiments  except  in  one  case,  previ- 
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ously  discussed,  where  the  physiological  state  of  senescence  probably 
introduced  a  lag. 

The  zooplankton  increased  slightly  during  and  after  the  flowering, 
but  experiments  (see  R.  J,  Conover  in  this  volume)  indicate  that  the 
grazing  factor  was  not  sufficiently  important  to  control  the  flowering. 
Moreover,  from  the  peak  of  the  bloom  through  the  postflowering 
stage,  maximum  chlorophyll  concentrations  occurred  at  the  greatest 
depth  sampled,  suggesting  that  the  senescent  diatoms  were  sinking 
to  the  bottom. 

Spring  and  Summer.  Small  oscillations  in  abundance  occurred 
from  the  time  of  re-establishment  of  growth  after  the  spring  flowering 
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differences  in  thi3  period  between  the  two  years,  both  as  to  size  of 
population  and  species  and  group  composition. 

These  facts  were  supplied  from  the  weekly  analyses.  Radiation 
values  continued  to  increase  from  the  time  of  the  flowering  until  the 
annual  maximum  in  June  and  July.  There  was  somewhat  higher 
radiation  in  1953  than  in  1952,  but  variations  in  the  monthly  distribu¬ 
tion  were  probably  more  important.  In  1952  more  light  was  available 
in  April  and  May  and  less  in  June  and  August  than  in  the  same 
months  of  1953.  Monthly  temperature  averages  show  some  differ¬ 
ences;  April  and  July  were  about  the  same  in  each  year,  but  May 
was  colder  and  June  warmer  in  1952.  Also,  there  was  marked  salinity 
stratification;  the  salinity  pattern  was  somewhat  different  in  the  two 
years  as  the  result  of  spring  flooding  in  1953.  In  1952  there  was 
some  increase  in  nutrients  after  the  spring  flowering,  but  in  1953 
there  was  little  renewal.  The  yearly  nutrient  minimum  occurred 
in  June  of  both  years,  and  by  August  some  replenishment  had  taken 
place. 

Probably  the  most  critical  factor  at  this  time  of  year  was  the  supply 
of  nutrients,  although  zooplankton  grazing  may  have  been  critical 
at  times.  In  the  June  1954  experiment,  chlorophyll  increased  to 
spring  flowering  levels  in  enrichment  experiments.  Since  only 
simple  inorganic  elements  were  added  to  obtain  this  growth,  it  was 
concluded  that  these  were  the  limiting  factors.  Nitrogen  was  found 
to  be  the  most  important  nutrient.  Since  light  conditions  vzere 
favorable  for  continuous  growth,  nutrients  were  utilized  by  the 
actively  growing  cells  as  soon  as  they  became  available.  Thus  the 
upper  limit  of  population  size  would  be  determined  by  the  rate  of 
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nutrient  renewal.  Case  4  of  Braarud,  et  al.  (1953)  was  applicable 
to  an  increasingly  larger  area  of  L-ong  Island  Sound  as  the  days  grew 
longer.  In  shallow  waters  the  euphoric  zone  extends  to  the  bottom, 
and  a  well  developed  bottom  community  (including  pennate  diatoms) 
would  develop  and  compete  with  the  pelagic  forms  for  critical  nu¬ 
trients  as  they  are  renewed  from  bottom  sources.  Although  case  1 
of  Braarud,  et  al.  (1953)  superficially  resembled  conditions  at  the 
deeper  stations  in  the  Sound,  there  was  no  nutrient  stratification 
as  in  the  Norwegian  waters.  Calculations  based  on  temperature 
data  suggest  that  vertical  turbulence  was  active  in  spite  of  significant 
stratification  (see  Riley’s  paper  on  Physical  Oceanography  in  this 
volume).  The  explanation  for  low  spring  and  summer  nutrient 
concentrations  in  the  Sound  would  seem  to  be  immediate  utilization 
by  plants  at  all  levels  in  the  water  column. 

The  amount  of  light  was  also  significantly  lower  in  June  1952,  the 
time  of  the  last  large  diatom  bloom.  Experimental  results  suggest 
that  light  intensity  may  be  an  important  factor  in  the  competition 
between  diatoms  and  dinofiagellates.  In  the  experiment  of  June 
1954,  raw  sea  water  of  low  nutrient  concentration  was  enriched  and 
suspended  in  the  Sound  at  a  depth  of  0.5  m  for  several  days.  At  the 
same  time,  a  series  of  bottles  containing  unenriched  Sound  water 
was  exposed  to  several  different  light  intensities.  Chlorophyll  in¬ 
creased  in  some  of  the  enriched  bottles,  but  apparently  the  species 
favored  by  this  enrichment  were  destroyed  by  formalin.  On  the 
other  hand,  diatom  growth  was  obtained  without  enrichment  merely 
by  cutting  down  the  amount  of  light  available.  The  largest  increase 
was  obtained  at  an  estimated  25%  of  the  light  available  at  0,5  m. 
Some  growth  was  obtained  in  bottles  receiving  even  less  fight-  Al¬ 
though  the  intensity  of  light  appears  to  be  important  in  the  control  of 
competition  between  diatoms  and  dinofiagellates,  no  safe  generaliza¬ 
tion  about  the  light  available  in  the  natural  environment  can  be  made 
without  consideration  of  turbulence. 

Temperature  may  also  play  a  part  in  the  transition  from  diatoms 
to  dinofiagellates.  Grpntved  (1952)  found  that  dinoflageliate  replace¬ 
ment  was  delayed  in  the  cooler  year  of  his  study.  In  Long  Island 
Sound,  May  was  cooler  in  1952  than  in  1953;  however,  the  June  1952 
temperature  averaged  wanner  than  1953. 

Autumn  and  Early  Winter.  Light  again  became  the  most  critical 
factor  during  autumn.  Not  only  was  incident  radiation  decreasing 
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toward  the  annual  minimum,  but  also  strong  vertical  mixing  by 
turbulence  and  convective  cooling  followed  destruction  of  the  sum¬ 
mer  thermocline. 

Significant  quantities  of  nitrate  appeared  in  the  water  column  in 
September,  and  phosphate,  which  had  increased  slightly  during  the 
summer,  rose  more  rapidly  in  autumn.  In  general,  nutrient  regenera¬ 
tion  exceeded  utilization,  but  with  certain  exceptions  that  are  noted 
below. 

By  the  end  of  September,  diatoms  had  nearly  replaced  dinoflagel- 
lates  once  again.  There  followed,  in  1952,  a  gradual  decrease  to  a 
minimum  population  in  late  autumn.  In  1953,  a  small  flowering 
in  September  and  O.tnhpr  was  accompanied  by  a  reduction  in -nutrient 
concentrations  and  this  apparently  led  to  a  temporary  increase  in 
the  zooplankton  stock.  According  to  Riley  (unpublished  data), 
autumn  flowerings  have  occurred  occasionally  in  previous  years; 
in  1954,  although  none  was  found  in  the  central  basin,  a  large  one 
was  found  in  a  limited  area  in  the  shallow  water  at  the  western  end 
of  the  Sound.  In  deeper  waters  off  the  New  England  coast,  such  as 
the  Gulf  of  Maine,  there  is  usually  a  late  summer  or  early  autumn 
flowering  of  fairly  large  magnitude  (Bigelow,  et  al,  1940).  Apparently 
it  comes  scon  after  the  seasonal  temperature  maximum,  when  the 
deepening  and  gradual  destruction  of  the  thermocline  is  beginning 
to  bring  nutrient-rich  water  to  the  surface.  In  Long  Island  Sound 
no  such  store  of  nutrients  is  available  in  the  deeper  water.  There 
must  be  the  preliminary  step  of  a  declining  phytoplankton  growth 
rate  and  an  excess  of  regeneration  over  utilization  before  there  can 
be  a  sufficient  stock  of  nutrients  to  support  a  large  flowering.  This 
occurs  in  late  September,  and  by  then  the  light  intensity  may  be  in¬ 
adequate  to  permit  a  flowering  in  the  presence  of  strong  vertical 
mixing.  It  is  pertinent  in  this  connection  to  note  that  Harvey, 
et  al.  (1935)  considered  light  as  the  primary  factor  controlling  the  tall 
flowering  in  the  English  Channel.  There,  as  in  the  Sound,  the  flower¬ 
ing  was  of  uncertain  occurrence  and  appeared  late  in  the  season. 

In  comparing  environmental  conditions,  there  were  no  pronounced 
differences  from  one  autumn  to  the  next.  During  the  critical  period 
from  mid-September  to  mid-October,  the  estimated  average  radiation 
was  3G5  g  cal/cm’/day  in  1952,  415  in  1953,  and  335  in  1954.  Dif¬ 
ferences  in  vertical  stability  and  in  the  amount  of  wind  were  essentially 
negligible.  It  is  conceivable  that  the  biological  system  was  so  deli- 
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cately  poised  (bat  a  mere  15%  difference  in  radiation  could  determine 
the  presence  or  absence  of  an  autumn  bloom.  However,  further  work 
is  needed  to  check  this  point. 

Ceralaulina  pelagica  and  several  species  of  Chaetoceros  have  been 
mentioned  previously  as  distinctive  elements  of  the  early  autumn 
population  and  as  dominants  in  the  early  part  of  the  1953  flowering. 
As  the  season  progressed,  other  species  became  dominant;  in  the 
later  part  of  the  1953  flowering,  Paralia  sulcata ,  Skeletonema  costalum, 
and  Thalassiosira  decipiens  were  the  most  important  species. 

During  the  remainder  of  the  autumn  and  early  winter  there  was  a 
decrease  in  total  population  and  a  gradual  change  in  composition 
to  species  more  suited  to  the  autumn  environment,  Corethron  crio~ 
philum,  one  of  the  species  typical  of  early  fall,  showed  a  distinct 
preference  in  experimental  bottles  for  strong  light,  high  salinity  and 
temperature,  and  nutrient  enrichment.  The  two  most  abundant 
late  autumn  species,  Paralia  sulcata  and  Thalassiosira  decipiens, 
thrived  in  dim  light,  nutrient  enrichment,  and  an  intermediate  range 
of  temperatures.  They  did  not  grow  well  in  experimental  bottles 
at  temperatures  approaching  the  seasonal  minimum,  and  in  nature 
they  were  replaced  at  that  time  by  the  typical  midwinter  flora. 
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ABSTRACT 

Zooplankton  samples  vrere  collected  by  oblique  hauls  with  a  Clarke-Bumpua 
sampler,  using  both  No.  2  and  No,  10  silk  nets,  at  weekly  intervals  at  four  stations 
from  March  1952  to  March  1954.  Quantitative  counts  have  been  made  on  only 
those  samples  obtained  from  March  5,  1952  to  June  1,  1953,  but  determinations  of 
total  displacement  volumes  are  available  for  the  entire  two  year  period. 
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The  seasons!  cycle  in  total  numbers  of  organisms  from  the  No.  10  net  samples 
showed  maxima  in  late  spring  and  late  summer,  with  numbers  increasing  in  the 
spring  and  decreasing  during  the  fall  to  the  midwinter  minimum.  The  largest  mean 
total  number,  over  200,000/m*,  was  recorded  in  late  May  1952,  The  No.  2  net 
samples  revealed  maximal  numbers  of  the  larger  forms  in  April  and  from  August  to 
September  1952:  minimal  numbers  were  found  in  October  and  No,-ember,  The 
mi.  .  displacement  volumes  obtained  for  the  two  year  period  were  0.95  cc/m*  for 
the  No.  10  net  hauls  and  0.29  cc/m*  for  the  No.  2  net  samples.  Mean  No.  10  net 
displacement  volumes  recorded  for  the  total  water  column  varied  from  8.1  cc/m*  at 
St.  1  to  19.8  cc/m*  at  St.  2. 

The  copepods  were  the  major  group  found  in  the  zooplankton.  The  larvae  of 
bottom  invertebrates  were  second  in  numbers,  while  several  species  of  Cladocera 
and  a  few  other  forms  were  fairly  abundant  seasonally.  The  total  number  of 
cpccicn  in  limited,  since  meet  neritic  foiiuc  arc  excluded  from  the  Sound  by  the  lower 
salinities.  The  important  specks  were  Aeariia  clausi,  A.  Urns a,  Temora  lor^eomit, 
Peeudocalanut  minutus,  Paraadanus  craasirMtris,  and  OiihorM  epp. 

A  comparison  of  displacement  volumes  and  total  numbers  of  organisms  recorded 
from  Georges  Bank,  Block  Island  Sound  and  Long  Island  Sound  shows  a  tremendous 
increase  in  total  numbers  and  a  concomitant  decrease  in  mean  size  of  individuals  in 
passing  from  offshore  neritic  waters  to  inshore  neritic  and  then  to  more  enclosed,  less 
saline  waters.  The  lower  salinity  of  Long  Island  Sound  favora  the  development  of 
an  abundant  zooplankton  population  composed  largely  of  small  species,  which  furnish 
adequate  food  only  for  the  young  of  various  fish  and  for  those  plankton-feeding  fish 
which  are  efficient  filter  feeders.  Thus,  despite  the  high  total  numbers  and  the  rela¬ 
tively  high  volumes  of  zooplankton  present,  Long  Island  Sound  does  not  support  any 
important  commercial  fisheries  but  acts  as  a  spawning  ground  and  nursery  for  young 
fish. 

INTRODUCTION 

Tlie  collection  of  zooplankton  samples  at  certain  stations  and  at 
weekly  intervals  has  been  part  of  the  program  of  research  on  the 
hydrography  and  biology  of  Long  Island  Sound.  Determinations 
of  the  displacement  volumes  have  been  completed  for  the  two  years, 
but  the  material  has  been  examined  and  quantitative  counts  have 
been  made  only  for  the  period  March  5,  1952  to  June  1,  1953. 

The  zooplankton  organisms  are  all  euryhaUne  species.  The  range 
in  salinity  ia  not  great,  usually  varying  between  25  and  28 %c  during 
the  year.  Although  occasional  specimens  of  the  neritic  species  com¬ 
mon  in  the  open  coastal  waters  are  carried  into  the  Sound  from  Block 
Island  Sound,  observations  of  such  occurrences  have  been  relatively 
rare,  since  these  forms  are  unable  to  survive  at  the  lower  salinities. 
The  pertinent  temperature  and  salinity  data  are  presented  in  Fig.  1 
of  Riley’s  report,  Physicai-  Oceanography,  jn  this  volume. 

Two  other  investigations  have  also  been  made  on  the  zooplankton 
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material,  both  of  which  are  reported  in  this  volume.  Wheatland 
has  made  an  intensive  examination  of  the  fish  eggs  and  larvae  ob¬ 
tained  in  these  hauls,  and  R.  J.  Conover  has  made  a  special  study,  using 
both  live  and  preserved  material,  of  Acartia  clausi  and  A.  toma,  the 
most  important  copepods.  The  present  report  is  a  general  survey 
of  the  species  composition  and  quantity  of  the  zooplankton. 
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METHODS 

The  samples  were  obtained  by  oblique  tows  with  a  Clarke-Bumpus 
sampler,  using  both  No.  2  and  No.  10  silk  nets.  The  hauls  were  made 
from  near  bottom  to  the  surface.  The  weight,  attached  about  one 
meter  below  the  sampler,  could  be  lowered  to  the  bottom,  thus  avoid¬ 
ing  contamination  of  the  sample  with  bottom  material.  However,  at 
the  deeper  stations  and  at  St.  8  where  the  depth  was  especially  ir¬ 
regular,  it  was  not  always  feasible  to  fish  the  whole  water  column. 

Sts.  1,  2,  5,  and  8  were  visited  regularly.  As  a  rule,  samples  were 
collected  at  Sts.  1  and  2  every  week  aud  at  5  and  8  on  alternate  weeks, 
since  the  distances  involved  were  too  great  to  visit  all  four  stations 
in  a  day's  cruise.  Thus  hauls  were  made  at  Sts.  1,  2,  and  5  in  one 
week  and  at  1,  2,  and  S  the  next.  Usually  five  samples  were  ob¬ 
tained  each  week;  No.  2  and  No.  10  net  tows  were  made  at  two  sta¬ 
tions  and  a  No,  10  net  haul  at  the  third. 

All  the  stations  studied  are  in  the  central  portion  of  Long  Island 
Sound  (see  Fig.  1  in  Riley’s  Introduction).  St.  2  is  approximately 
in  the  center  of  the  Sound,  while  1  is  off  Milford,  8  is  off  the  Thimble 
Islands,  and  5  is  off  the  north  shore  of  Long  Island,  Sts.  1  and  8 
are  inshore  and  2  and  5  are  offshore  stations. 

During  cruises  to  the  eastern  and  western  parts  of  the  Sound  in 
the  spring  and  fall  of  1952  and  in  spring  of  1953,  the  No.  2  net  was 
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used  for  most  of  the  zooplankton  hauls,  although  a  few  No.  10  net 
samples  were  collected. 

The  usual  procedure  has  been  followed  in  making  quantitative 
counts.  A  sample  was  diluted  to  a  known  volume  and  stirred  thor¬ 
oughly,  after  which  5  or  10  cc,  or  more,  were  removed  to  the  counting 
chamber.  The  number  per  cubic  meter  was  obtained  by  dividing 
the  total  number  of  organisms  in  the  sample  by  the  volume  of  water 
strained  when  the  sample  was  collected.  All  of  the  species  have  not 
yet  been  identified;  the  species  of  Oithona,  for  example,  were  not  dif¬ 
ferentiated  when  the  counts  were  made,  and  no  attempt  has  been 
made  to  identify  many  of  the  larvae  of  bottom  invertebrates,  such 
as  lamellibranch  veligers,  polychaete  larvae,  etc. 

The  total  displacement  volumes  were  obtained  by  straining  the 
samples  on  a  filter  of  No.  20  bolting  silk,  washing  them  several  times 
with  tap  water,  and  removing  the  excess  water  by  placing  the  silk 
on  filter  paper  or  some  other  absorbent  surface  for  several  minutes. 
The  organisms  were  then  removed  from  the  silk  with  a  thin  spatula 
and  put  into  a  measured  volume  of  water  to  obtain  the  displacement 
volume.  Such  determinations  were  made  on  all  of  the  samples, 
except  for  some  collected  during  February  and  March  in  1953  and 
1954  when  too  much  phytoplankton  was  present  to  allow  accurate 
determinations  to  be  made. 

THE  ZOOPLANKTON 
The  Total  Zooplankton 

The  mean  total  numbers  of  zooplankton  organisms  per  cubic 
meter  taken  with  the  Nc.  2  and  No.  10  nets  from  March  5,  1952 
to  June  1,  1953  are  shown  in  Fig.  1.  It  is  immediately  apparent 
how  small  a  proportion  of  the  total  population  was  sampled  by  the 
No.  2  net.  Only  in  April  1952  did  the  numbers  of  No.  2  net  organisms 
exceed  20,000/m8,  while  numbers  of  over  200,000/m8  were  obtained 
by  the  No.  10  net  hauls  in  late  May  1952;  mean  total  numbers  of 
over  100,000/m8  were  found  during  most  of  the  period  from  late  May 
through  mid-September. 

Comparison  of  the  No.  10  net  data  for  individual  stations  showed 
that  total  numbers  of  over  200,000/m3  were  recorded  only  at  Sts.  1  and 
2.  At  St.  2  the  maximal  number  of  213,000/m8  was  obtained  in  mid- 
August,  while  at  St.  1  total  numbers  of  258,000/m8,  the  highest  re- 
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corded  thus  far  in  this  survey,  were  found  in  early  September.  Never¬ 
theless.  the  late  summer  maximum  is  not  shown  as  strikingly  in  Fig,  1 
as  the  late  spring  maximum,  This  is  because  a  great  increase  took 
place  simultaneously  at  all  four  stations  in  late  May  and  early  June, 
whereas  the  time  of  occurrence  of  the  late  summer  maximum  varied 
from  station  to  station.  The  data  obtained  for  St.  8  differed  from 
those  recorded  for  the  other  stations  in  that  there  was  no  marked 
increase  in  total  numbers  during  the  late  summer;  the  numbers 


TABLE  I.  Mean  Monthly  Total  Numbers  or  Zooplanxt-on  per  Cubic 
Meter  and  per  Square  Meter  in  Long  Island  Sound,  1932-1953. 

Mean  Total  Numbers  per  Cubic  Meter  Mean  of  All  Stations 


Station 

Station 

Station 

Station 

Total 

No. 

Total 

No. 

1 

£ 

5 

8 

per  M‘ 

per  Ml 

March 

11,750 

25,875 

41,730 

21,000 

25,675 

475,950 

April 

43,980 

65,300 

25,600 

31,750 

44,255 

725,000 

May 

110,920 

111,510 

104,500 

115,600 

111,200 

1,729,800 

June 

210,900 

142,500 

111,600 

100,400 

161,385 

2,230,330 

July 

70,275 

83,840 

76,615 

77,070 

77,000 

1,230,540 

Augiist 

107,555 

152,070 

108,700 

84,025 

114,715 

1,890,220 

September 

145,680 

80,575 

85,400 

40,200 

105,140 

1,507,970 

October 

27,730 

19,290 

65,750 

36,900 

31,180 

507,405 

November 

29,655 

32,735 

38,800 

24,000 

31,350 

529,800 

December 

11,840 

15,090 

23,600 

8,870 

14,325 

238,060 

January 

8,530 

10,530 

15,575 

9,500 

10,635 

189,365 

February 

16,475 

14,865 

28,900 

28,800 

19,560 

347,000 

March 

15,400 

44,400 

61,975 

— 

45,940 

1,093,310 

April 

49,300 

72,000 

68,900 

8,050 

53,430 

1,140,180 

May 

97,370 

83,185 

64,000 

43,150 

76,870 

1,153,400 

increased  abruptly  to  nearly  200,000/m5  in  late  May  and  then  declined 
gradually  to  the  seasonal  minimum  in  late  December. 

Table  I  gives  the  mean  monthly  total  numbers  of  the  No.  10  net 
samples  for  Sts,  1,  2,  5,  and  8;  also  given  are  the  mean  monthly  num¬ 
bers  per  cubic  meter  and  per  square  meter  of  sea  surface  obtained  by 
averaging  the  data  from  all  No.  10  net  hauls.  At  all  stations  the 
total  numbers  increased  abruptly  from  April  to  May  and  remained 
high  during  June,  High  numbers  were  recorded  during  August  at 
Sts.  2  and  5  and  in  August  and  September  at  St.  1.  The  decrease 
from  September  to  October  was  particularly  marked  at  Sts.  1  and  2. 
Minimal  numbers  were  found  in  December  and  January,  but  through- 
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out  the  fall  and  winter  the  mean  monthly  numbers  were  somewhat 
greater  at  St.  5  than  at  the  shallower  stations,  The  yearly  cycle, 
as  revealed  by  the  No.  10  net  samples  of  1952  to  1953,  showed  es¬ 
sentially  a  single  maximum  during  the  warmer  months,  the  numbers 
increasing  in  the  spring  and  decreasing  in  the  fall  to  the  mid-winter 
minimum. 

The  data  for  Sts.  1  and  2  at  depths  of  9  and  20  m  respectively  may' 
be  used  to  compare  the  total  numbers  of  organisms  per  square  meter 
of  sea  surface  in  the  inshore  and  offshore  waters.  As  expected,  the 
numbers  were  approximately  twice  as  large  at  the  deeper  station, 
where  over  4,000,000/m2  were  found  in  August.  Even  at  St.  1,  over 
2,000,000/m2  were  recorded  in  late  spring  and  late  summer.  These 
figures  are  high  when  compared  with  those  obtained  for  Block  Island 
Sound  (Deevey,  1952a)  where  the  mean  depth  is  30  m;  the  highest 
numbers  there  did  not  exceed  1,000,000/m2  of  sea  surface. 

The  No.  2  net  samples  (see  Fig.  1)  showed  that  maximal  numbers 
of  the  larger  forms  were  found  during  April  and  from  mid-August 
to  mid-September.  Only  in  April  1952  did  the  numbers  taken  in  the 
No.  2  net  hauls  exceed  by  a  few  hundred  those  obtained  in  the  No. 
10  net  samples.  The  highest  mean  number,  recorded  in  April  1952, 
was  a  little  over  30,000/m8,  twice  the  highest  number  found  in  April 
1953.  During  October  and  November  minimal  numbers  wrnre  present; 
from  December  onwards  the  totals  increased  gradually  to  the  April 
maximum. 

The  mean  total  zooplankton  displacement  volumes  obtained  for 
the  No.  2  and  No.  10  net  samples  from  March  1952  to  March  1954 
are  shown  in  Fig.  2.  For  a  comparison  of  the  seasonal  cycles  of 
phosphate,  nitrate,  chlorophyll,  and  the  No.  10  net  volumes  from 
the  inshore  and  offshore  stations,  see  Riley  and  Conover’s  accompany¬ 
ing  report,  Chemical  Oceanoghapht.  The  quantity  of  zooplankton 
was  considerably  greater  in  1952  than  in  1953.  It  is  probable,  how¬ 
ever,  that  such  fluctuations  in  quantity  occur  from  year  to  year  in 
these  waters, 

The  No.  10  net  volumes  showed  a  pronounced  maximum  in  August 
and  September  1952,  similar  to  that  recorded  for  the  total  numbers. 
This  was  the  period  when  Acartia  tcmsa  was  most  abundant  and  when 
a  variety  of  crustacean  larvae  were  present.  Nevertheless,  it  is 
not  clear,  from  the  composition  of  the  population,  why  the  late  sum¬ 
mer  volumes  should  have  been  so  much  greater  than  those  obtained 
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Figure  1.  Mean  total  cumber*  of  zooplankton  per  cubic  meter  taken  with  the  Ko.  2  and 
No.  10  nets  from  March  8,  1082  to  June  1,  1953. 

earlier  in  the  summer  of  1952.  The  maximum  in  May  1952  may 
reflect,  at  least  in  part,  the  greater  number  of  late-stage  copepods 
present  at  this  time  which  were  responsible  for  the  bursts  of  nauplii 
in  early  June.  In  1953  a  maximum  in  both  numbers  and  volumes 
was  found  in  early  April.  Since  the  samples  obtained  after  June  t, 
1953  have  not  been  studied,  it  is  not  possible  to  compare  total  numbers 
with  the  much  smaller  volumes  found  in  August  and  September  1953. 

The  seasonal  cycle  of  the  No.  2  net  volumes  (see  Fig,  2)  more 
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Figure  2.  Mean  total  zooplankton  displaoemant  volumes  la  oc/ta1  or  the  X o.  2  and  Xo.  10 
net  samples  from  March  1982  to  March  1984. 


nearly  reflect  the  cycle  of  the  total  numbers  obtained  in  the  No.  2  net 
samples.  In  1952  maximal  volumes  were  found  in  April  and  in 
August  to  September.  During  1953  maximal  volumes  in  April  were 
followed  by  secondary  maxima  in  early  August  and  late  October. 

Table  II  lists  the  mean  monthly  No.  10  net  displacement  volumes 
in  cc  per  square  meter  of  sea  surface  found  at  the  four  stations  from 
March  1952  to  May  1953.  It  also  gives  the  mean  monthly  volumes 
in  cc  per  cubic  meter  and  per  square  meter  of  sea  surface,  obtained 
by  averaging  all  the  No.  10  net  data  for  this  period.  The  individual 
station  data  can  be  converted  into  volumes  per  cubic  meter  by  dividing 
by  the  station  depths:  9  m  for  St.  1,  20  in  for  St.  2,  27  m  for  St.  5,  and 
12  m  for  St.  8.  Presenting  the  station  volumes  as  cc  per  square 
meter  of  sea  surface  makes  it  possible  to  compare  quickly  the  total 
quantities  found  at  the  four  stations  during  the  year.  At  St.  1  the 
mean  monthly  volumes  did  not  exceed  30  cc/m2,  but  on  several  oc¬ 
casions  at  St.  8  exceptionally  high  volumes  were  obtained  in  1952. 
Since  considerable  phytoplankton  was  present  at  St.  8  during  the 
months  in  question,  this  may  have  contributed  to  the  higher  volumes. 
At  the  deeper  stations,  monthly  volumes  greater  than  40  cc/m!  were 
found  only  during  August  and  September. 
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TABLE  II.  Mean*  Monthly  No.  10  Net  Zooplankton  Displace ment  Volumes 
in  CO  fee  Squake  Meteb  and  peb  Cubic  Metsb,  1952-1953 


Mean  Volumes  -per  Square  Meier  Mean  of  All  Station. » 


Station 

Station 

Station 

Station 

Volumes 

Volumes 

1 

£ 

0 

8 

per  Ml 

per  M  * 

March 

6.30 

12.20 

16.88 

55.20 

1.21 

17.99 

April 

13.20 

33.60 

16  07 

11.52 

1.28 

19.58 

May 

10.73 

36.64 

23.67 

47.44 

1.92 

28.45 

June 

11.40 

21.30 

28.19 

10.92 

1.12 

16.27 

July 

7.47 

13.84 

11.20 

28.40 

1.00 

13.88 

August 

28.87 

86.00 

41.58 

49.80 

3.37 

50.67 

September 

23.87 

59.50 

93.15 

3.96 

2.70 

45.63 

October 

1.89 

4,00 

11.07 

2.58 

0.23 

3.77 

November 

2.12 

5.25 

7. IQ 

2.04 

0.24 

3.99 

December 

1.71 

2.87 

6.48 

3.60 

0.21 

3.33 

January 

1.73 

8.10 

5.80 

4.20 

0.20 

4.33 

February 

— 

9.40 

7.29 

— 

0.37 

8.35 

March 

— 

— 

— 

— 

— 

— 

April 

il.70 

5.80 

40.50 

1.44 

o.so 

14.88 

May 

3.30 

9.20 

12.42 

3.18 

0.39 

6.25 

The  total  volumes  recorded  for  the  No,  10  net  samples  yielded 
a  mean  annual  concentration  of  1.25  ec/m8  for  the  period  from  March 
1952  to  March  1953.  This  is  twice  the  mean  volume  of  0.61  cc/m8 
obtained  from  March  1953  to  March  1954.  For  the  two  years,  235 
determinations  gave  a  mean  concentration  of  0.95  cc/m8  for  the  No. 
10  net  samples.  The  No.  2  net  zooplankton  yielded  a  mean  volume 
of  0.32  cc/m8  for  1952  to  1953  and  of  0.26  cc/m8  for  1953  to  1954. 
The  mean  concentration  obtained  from  225  No.  2  net  samples  was 
0.29  cc/m8  for  the  two  year  period. 

Table  III  summarizes  the  mean  annual  volumes  recorded  for  the 
four  stations.  At  each  station  the  mean  volumes  obtained  in  1953 
to  1954  were  smaller  than  those  found  during  the  first  year.  The 
volumes  recorded  for  Sts.  1  and  2  are  fairly  similar.  The  smallest 
means  were  usually  found  at  St.  5;  also,  at  this  station  the  difference 
between  the  two  years  was  not  as  great.  As  previously  noted,  ex¬ 
ceptionally  large  volumes  were  noted  on  several  occasions  in  1952 
at  St.  8;  as  a  result  the  largest  mean  volume  for  1952  to  1953  was 
obtained  at  this  station,  For  the  two  year  period,  the  No,  2  net 
volumes  recorded  for  Sts.  1,  2,  and  5  were  one  third  as  great  as  the 
No.  10  net  volumes. 
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TABLE  III,  The  Mean  Total  Zooplankton  Displacement  Volumes,  in 
CC/M‘,  and  the  Estimated  Total  Zooplankton  Chop  in  CC/M5  op  Sea 
SUBTACB  AT  STATIONS  1,  2,  5  AND  8  IN  LoNQ  ISLAND  SOUND,  1952-1954 


l 

1 

Volumes 

Mean  Zooplankton 

1852-195S 

tn  CC/AP 

1963-1854 

1952-1864 

Crop  tn  CCiM 5 

1952-1864 

Station  1 

No,  2  net 

0.38 

0.20 

0.30 

2.70 

No.  10  net 

1.18 

0.59 

0.90 

8.10 

Station  2 

No.  2  net 

0.35 

0.25 

0.30 

6.00 

No.  10  net 

1.33 

0.62 

0.99 

19.80 

Station  5 

No.  2  net 

0.27 

0.22 

0.24 

6.48 

No.  10  net 

0.88 

0.56 

0.72 

19.44 

Station  8 

No.  2  net 

0.34 

0.28 

0.31 

3.72 

No.  10  net 

1.95 

0.62 

1.24 

14.88 

When  estimates  are  made  of  the  mean  zooplankton  crops  produced 
at  the  several  stations  during  the  two  years,  the  results  vary  consider¬ 
ably  due  to  the  range  of  station  depths  (see  Table  III),  Thus  St.  1 
yielded  a  mean  volume  of  8.1  cc/m*  for  the  No,  10  net  samples,  while 
the  volumes  recorded  for  Sts.  2  and  5  were  19.8  and  19.4  cc/m*,  respec¬ 
tively.  The  mean  volumes  obtained  for  the  No.  2  net  samples  varied 
from  2.7  at  St.  1  to  6,5  cc/m5  at  St.  5.  When  these  figures  are  com¬ 
pared  with  those  obtained  from  Block  Island  Sound1  (Deevey,  1952a). 
it  is  apparent  that  the  mean  crop  produced  in  Long  Island  Sound 
is  probably  no  greater  than  that  of  Block  Island  Sound,  This  is 
rather  surprising,  since  the  highest  number  taken  by  the  No.  10  net 
in  Block  Island  Sound  scarcely  exceeded  30,000/m5,  approximately 
the  highest  number  retained  by  the  No.  2  net  in  Long  Island  Sound. 
This  excessive  difference  in  total  numbers  coupled  with  similar  dis¬ 
placement  volumes  indicates  that  the  mean  size  of  the  organisms 
of  Long  Island  Sound  is  considerably  smaller  than  that  of  the  zoo¬ 
plankton  of  Block  Island  Sound. 

1  Moan  displacement  volumes  from  Block  Island  Sound  were:  0.68  cc/m*  and  20.4 
cc/m*  for  No.  10  net  samples;  0.21  cc/'m!  and  0,4  cc/m*  for  No.  2  net  samples. 
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The  Composition'  of  the  Zooplakxton 

The  copepods  were  by  tar  the  dominant  organisms.  Only  during 
May,  June,  July  and  September  w'ere  appreciable  quantities  of  other 
forms  present.  As  a  group,  the  larvae  of  bottom  invertebrates 
ranked  next  in  numbers;  Cladocera  were  also  important  at  all  the 
stations.  As  previously  noted,  the  dominant  copepods  were  Acartia 
clausi  and  A.  tonsa.  Temcra  longicomis,  Pseudo cal-anus  minutus , 
Paracalanus  eras  sir  ostris,  and  Oithona  spp.  also  occurred  in  numbers 
during  the  year  in  both  the  No.  2  and  No.  10  net  hauls,  while  Centro- 
pages  hamatus,  Labidocera  aestiva  and  Pseudodiaptom.ua  c-oro-natus 
constituted  5%  or  more  of  at  least  one  of  the  No.  2  net  samples. 
Three  species  of  Cladocera,  Pcdon  polyphemoides ,  Evadne  nordrnanni, 
and  Penilia  avirostris,  w-ere  obtained  in  numbers  in  the  No.  2  and  No. 
10  net  tows.  The  following  types  of  larvae  of  bottom  invertebrates 
made  up  5%  or  more  of  at  least  one  No.  2  or  No.  10  net  sample: 
barnacle  nauplii,  Bcdanue  balanoides  eyprids,  lamellibranch  veligere, 
gastropod  veligers,  echinoderm  larvae,  polychaete  larvae,  and  mysid 
larvae.  Aside  from  these  forms,  Oikopleura  dioica  and  rotifers  were 
the  only  other  organisms  that  were  fairly  abundant  seasonally. 

Fig.  3  show's  the  total  numbers  of  the  several  groups  of  organisms 
taken  wdth  the  No.  10  net  at  St.  2.  The  relative  proportions  of  the 
groups  were  similar  at  all  stations.  During  most  of  the  year,  the 
copepods  (including  nauplii)  constituted  at  least  80%  of  the  popula¬ 
tion.  Bottom  larvae  wrere  abundant  in  May,  June,  July  and  Septem¬ 
ber,  while  Cladocera  were  most  numerous  at  the  beginning  of  summer 
and  again  in  September.  Rotifers  were  largely  responsible  for  the 
early  April  1953  maximum  of  miscellaneous  organisms.  The  com¬ 
position  of  the  No.  2  net  zooplankton  at  St.  2  is  shown  in.  Fig.  4. 
Copepods  constituted  an  even  higher  percentage  of  the  No.  2  net 
hauls.  Bottom  larvae  were  not  taken  in  quantity,  and  Cladocera 
were  most  numerous  in  June.  The  variety  of  zooplankton  organisms 
is  obviously  not  great. 

The  percentage  composition  of  the  copepod  population  found  in 
the  No.  10  net  hauls  at  St.  2  is  presented  in  Fig.  5,  where  the  sequence 
of  the  important  species  during  the  year  is  clearly  illustrated.  Acartia 
clausi,  Tcmora  longicomis ,  and  Pseudocalanus  minutus  occurred  during 
the  winter  and  spring,  In  July  there  was  an  abrupt  change  in  the 
species  composition  as  Acartia  tonsa,  Paracalanus  crassirostris,  and 
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Figure  3,  Total  numbers  per  cubic  meter  of  the  different  groups  of  organisms  obtained 
In  the  No.  10  net  hauls  at  St.  2  from  March  19S2  to  June  1,  1953.  The  numbers  of  the  groups 
are  cumulative,  the  top  line  representing  total  numbers  of  sooplankton. 
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Figure  4.  Total  numbers  per  cable  meter  of  tito  cUUerent  groups  of  organisms  taken  lu 
the  No.  2  net  samples  at  St.  2  from  March  lftsa  to  June  1.  1053,  The  numbers  of  the  groups 
&ra  cumulative,  as  In  Fig.  3. 


Oiihona  spp.  appeared  and  rapidly  increased  in  numbers  while  the 
earlier  species  disappeared.  In  December  the  winter  to  spring 
species  reappeared  and  began  slowly  to  increase  in  abundance,  while 
the  summer  and  fall  species  dwindled  in  numbers  during  the  winter 
months.  Thus  the  winter  change-over  in  species  w&s  much  more 
gradual  than  the  one  that  occurred  in  July.  All  of  the  other  species 
of  copepod3  combined,  included  in  Fig.  5  as  "Miscellaneous,”  were 
never  of  numerical  importance. 

Table  IV  gives  a  checklist  of  the  species  found  in  Long  Island  Sound. 
If  a  single  specimen  of  a  species  was  found  in  one  sample  at  one  sta¬ 
tion  during  the  month,  a  check  indicates  its  presence  at  that  time. 
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Figtire  a.  Relative  perveutages  of  Import&at  species  of  oopepoda  obtained  in  tbe  No.  10 
net  bauls  at  St,  2  from  March  1962  to  June  1,  1963. 


No  effort  has  been  made  to  present  the  data  in  semiquantitative  form. 
The  purpose  of  Table  IV  is  to  show  the  species  composition  of  the 
entire  zooplankton  population  for  every  month  of  the  period  studied. 

The  Copepods 

Acartia  d.aim  Giesbrecht  and  A.  tonsa  Dana 

It.  J.  Conover  has  reported  his  intensive  study  of  these  two  species 
in  this  volume,  so  it  is  unnecessary  to  consider  them  in  d  etad  here. 
Tig.  6  shows  the  mean  total  numbers  of  both  species.  A.  datm 
first  appeared  in  the  samples  in  November,  increased  in  numbers 
during  the  winter  and  occurred  in  greatest  quantity  in  early  April 
and  late  May  and  June.  By  the  end  of  July  1952  it  had  disappeared. 
Evidently,  conditions  during  early  spring  in  1953  were  better  for 
A.  claim  than  those  in  the  preceding  spring,  since  the  early  April 
maximum  of  1953  was  greater  than  that  recorded  during  the  same 
period  in  1952;  however,  in  mid-April  1953  there  was  a  striking 
decrease,  and  from  then  until  June  1  the  numbers  of  A.  clausi  were 
considerably  smaller  than  those  in  1952. 

A,  tensa  (see  Fig.  6)  was  present  at  least  in  small  numbers  during 
the  entire  year,  but  from  mid-April  to  the  beginning  of  July  it  vix- 
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Figure  6.  Mean  total  numbers  of  Acartia  ctouri  and  A,  tonsa  per  cubic  meter  talrra  in  the 
No.  10  net  samples  from  March  1552  to  June  1,  1953. 

tually  disappeared  from  the  samples,  In  July  the  numbers  began 
to  increase  and  A.  tonsa  replaced  A.  clatjsi  as  the  dominant  species. 
The  numbers  of  A.  tonsa  increased  abruptly  during  August  to  tbeir 
seasonal  maximum,  then  declined  rapidly  in  September,  .4.  tonsa 
remained  an  important  form  during  the  fall,  although  it  was  exceeded 
in  numbers  by  Paracalanus  crassirostris  and  Oithona  spp.  (see  Fig.  5). 
Late  stages  were  present  in  small  numbers  throughout  the  winter 
and  early  spring  months. 

Judging  from  the  total  numbers  recorded  for  the  two  species  during 
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the  year,  A.  clausi  is  better  adapted  to  living  in  the  waters  of  Long 
Island  Sound  than  A.  ionsa.  An  influx  of  ctenophores,  appearing 
in  early  September  1952  and  continuing  during  that  month,  may  have 
been  partially  instrumental  in  lowering  so  drastically  the  numbers  of 
A.  tun&c.,  or  it  may  be  that  A.  tonsa,  primarily  an  inhabitant  of  warmer 
waters,  is  incapable  of  reproducing  in  large  numbers  except  during 
the  warmest  months  at  the  northern  limits  of  its  range. 

Temora  longicornis  (Muller) 

This  species  ranked  third  in  numbers.  Its  seasonal  cycle,  closely 
following  that  of  Acc-rtia  clausi,  was  similar  to  that  previously  de¬ 
scribed  (Deevey,  1952a)  for  Block  Island  Sound.  However,  it  was 
more  abundant  in  Long  Island  Sound.  Fig.  7  shows  the  mean  total 
numbers  of  T.  lav^icornis  recorded  from  the  No.  10  net  samples.  In 
1952  the  numbers  remained  fairly  low  until  mid-May,  when  there 
was  an  abrupt  increase  to  a  maximum  in  late  May  and  June.  The 
highest  number  obtained  was  approximately  100, 000/m 8  at  St.  1 
during  the  third  week  of  June.  Total  numbers  decreased  sharply 
in  late  June,  and  by  the  beginning  of  August  it  had  disappeared.  It 


Figure  7.  Mean  total  numbers  par  cubic  meter  of  Tenora  longitorute  ftn<1  ?QrooaUmti$ 
crasslros'.rls  taken  in  the  So.  10  net  sample?  from  March  19n2  to  June  1.  1053, 
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reappeared  in  November  and  was  present  in  small  numbers  until 
the  end  of  February,  but  during  March  it  began  to  increase  and 
reached  a  maximum  in  early  April.  A  second  maximum  occurred 
in  mid-May,  and  then  it  declined  in  numbers  up  to  the  first  of  June. 
Obviously,  both  T.  iongicomis  and  Acartia  claim  were  similarly 
affected  by  whatever  factors  were  responsible  for  the  differences  in 
total  numbers  observed  between  the  springs  of  1953  and  1952. 

Since  only  portions  of  two  seasonal  cycles  have  been  studied,  and 
since  the  data  for  the  two  years  varied  considerably,  it  is  difficult 
to  determine  the  probable  number  of  generations  per  year.  From 
March  to  the  end  of  July  1952,  excepting  July  1,  nauplii  constituted 
40%  or  more  of  the  total  numbers,  and  reproduction  probably  occurred 
continuously  during  winter  and  spring  until  the  population  attained 
the  high  numbers  recorded  in  late  May  and  June.  However,  when 
the  various  developmental  stages  are  plotted  as  percentages  of  the 
total  number,  as  in  Fig.  8,  three  and  possibly  four  major  maxima  of 
nauplii  are  apparent  between  March  and  the  end  of  July  1952.  Such 
a  graph  is  deceptive  in  that  the  time  of  occurrence  of  a  higher  per¬ 
centage  of  a  certain  stage  may  not  coincide  with  the  date  when  that 
particular  stage  was  numerically  most  abundant,  but  it  does  show  the 
relative  proportions  of  the  different  stages  during  the  period  in  ques¬ 
tion.  In  Fig.  8  maximal  percentages  of  adults  and  nauplii  are  shown 
for  every  month  from  March  to  July,  and  in  each  case  maximal  num¬ 
bers  of  nauplii  followed  maximal  numbers  of  adults.  Thus  the  April 
maximum  of  550  adults/m3  must  have  produced  the  maximum  of 
5,600  nauplii  which  appeared  the  first  of  May,  while  the  maximum  of 
1,500  adults  in  mid-May  was  apparently  responsible  for  totals  of 
over  40,000  nauplii/m*  in  late  May  and  early  June.  The  mid-June 
maximum  of  3,000  adults  and  the  early  July  maximum  of  4,400 
adults/m8  were  followed  by  a  final  burst  of  7,000  to  8,000  nauplii/m* 
in  mid-July,  before  T,  l-ongicomis  disappeared  from  the  samples. 

A  few  nauplii  and  eopepodids  began  to  appear  in  late  November 
1952;  by  the  end  of  December  small  numbers  of  all  stages  were  present. 
During  January  1953  the  adults  increased  until  a  maximum  of  550/m* 
was  recorded  on  February  10  (see  Fig.  8),  Meanwhile,  during  late 
January,  February  and  March,  the  nauplii  increased  to  a  maximum 
of  22,000/m3  at  the  beginning  of  April,  six  times  as  many  as  were 
found  at  this  time  in  1952.  A  second  adult  maximum  also  occurred 
in  late  March  and  early  April,  although  the  numbers  of  nauplii  were 
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1951  >5H 

PljTttrs  8.  Relative  percentages  of  nauplii  and  copcpedld  stagw  of  Temcra  iongicomU. 

sufficiently  high  to  obscure  the  early  April  maximum  of  stage  VI 
T.  longicornis.  During  April,  many  stage  I  to  V  individuals  were  pres¬ 
ent,  and  the  highest  number  of  adults,  over  1,700/m8,  was  recorded  on 
April  20.  Unfortunately,  no  samples  were  collected  during  the  next 
three  weeks,  when  the  ship  was  in  drydock,  but  it  is  obvious  that  an 
adult  maximum  occurred  in  late  April  and  early  May.  The  second 
major  maximum  of  over  33,000  nauplii/m8  was  recorded  in  mid-May. 

Several  generations  were  produced  during  the  months  when  T. 
longicornis  was  present,  but  the  spacing  of  the  broods  and  possibly 
the  number  may  vary  from  year  to  year.  In  January  and  February 
1953  the  adult  stock  was  gradually  augmented  to  form  adult  genera¬ 
tion  1  by  the  development  of  nauplii  and  copepodids  which  appeared 
in  Novemoer  and  December.  Spawning  continued  at  a  low’  level 
during  midwinter,  but  in  late  February  the  nauplii  had  increased  to 
approximately  l,000/m?  and  by  mid-March  to  nearly  8,000.  Maximal 
numbers  of  adults  also  occurred  :n  late  March  and  early  April  (adult 
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generation  2),  and  again  in  late  April  and  undoubtedly  in  early  May 
(adult  generation  3).  The  individuals  which  matured  in  late  March 
may  have  been  spawned  in  late  January  or  early  February,  whereas 
those  that  matured  in  late  April  and  early  May  probably  developed 
from  the  March  and  early  April  brood  (see  Fig.  8).  A  fourth  adult 
generation  in  June  and  July  1553  will  undoubtedly  be  recorded  when 
those  samples  are  studied,  since  the  numbers  of  adults  were  rising 
again  in  late  May  and  since  a  final  June-July  generation  was  observed 
in  1952. 

Paracalanus  crassiroalris  Dahl 

This  tiny  calanoid  occurred  in  numbers  during  the  latter  half  of 
the  year,  although  it  was  also  present  in  small  numbers  during  winter 
and  spring  (see  Fig.  5).  The  mean  total  numbers  taken  in  the  No. 
10  net  hauls  are  shown  in  Fig.  7.  Highest  mean  numbers  of  over 
45,000/mE  were  obtained  in  July  and  August;  thereafter  P.  crassi- 
rostris  decreased  gradually  to  minimal  numbers  by  the  end  of  Decem¬ 
ber.  During  the  spring  of  1952  it  occurred  in  small  numbers,  usually 
more  than  100/ma,  hut  in  1953  it  was  not  found  in  the  routine  counts 
after  the  beginning  of  April.  P.  crassiroatria  has  also  been  recorded, 
though  in  smaller  numbers,  from  Block  Island  Sound  (Deevey,  1952a) 
where  it  was  observed  from  August  to  early  February,  with  maxima 
in  August  and  from  October  to  December.  In  Long  Island  Sound 
it  was  found  equally  at  all  four  stations,  offshore  as  well  as  inshore. 
The  highest  total,  66,000/m3,  was  obtained  at  St.  2  in  the  center  of  the 
Sound  in  mid- August,  while  the  next  highest,  59,000,  was  noted  in 
mid-July  at  St.  1.  No  attempt  has  been  made  to  differentiate  the 
developmental  stages  of  this  species.  Only  the  numbers  of  the 
copepodid  stages  are  plotted  in  Fig.  7. 

Oith-ona  spp. 

The  total  numbers  taken  in  the  No.  10  net  tows  are  presented  in 
Fig.  9.  The  species  have  not  been  differentiated,  but  possibly  three 
are  included  in  these  counts,  O.  similis,  0.  brevicomis,  and  0.  nana. 
Oithona  was  found  throughout  the  year  (see  Table  IV).  Minimal 
numbers  were  noted  during  the  spring  of  1952,  but  beginning  in  July 
and  continuing  in  August  the  numbers  increased  to  approximately 
29,000/m*  in  September.  It  then  gradually  decreased  in  quantity 
during  the  fall  months,  with  relatively  high  numbers  recorded  in 
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Figure  9.  Mean  total  numbers  of  OiOiana  spp.  per  cubic  meter  obtained  In  the  No  10 
net  hauls. 

October  and  again  in  November.  Chthona  occurred  in  appreciably 
larger  numbers  during  the  spring  of  1953  than  during  the* preceding 
spring.  The  species  of  Oittuma  thus  exhibited  a  seasonal  cycle  similar 
to  that  of  Paracalanu*  crassirostri*  (see  Fig.  5).  Maximal  numbers 
were  found  at  St.  1,  the  highest  number  being  46,000/m5  in  early 
September,  but  it  was  also  abundant  at  the  other  stations.  During 
the  fall  months  Chthona  and  Paracalanus  crassirostris  were  of  greater 
numerical  importance  than  Acartia  tonsa, 

P seudocalawas  minuiu#  (Krbyer) 

This  species  occurred  during  winter  and  spring  (see  Fig.  5).  Al¬ 
though  its  seasonal  cycle  resembled  that  of  Temora  longicamis ,  it 
was  never  as^  abundant.  Fig.  10  shows  the  mean  total  numbers 
taken  in  the  No,  10  net  hauls.  P.  minutus  was  found  in  larger  num¬ 
bers  in  1953  than  in  1952.  Maxima  of  nearly  3,000/m8  were  noted 
in  early  April  and  of  over  2,500/m3  in  the  latter  part  of  May  1952. 
Small  numbers  were  observed  in  June  and  it  disappeared  earlv  in 
July.  A  few  individuals  were  recorded  in  early  December,  'and 
by  the  end  of  December  all  stages  were  present.  The  numbers 
increased  during  January  1953;  in  February,  March  and  April  maxima 
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Mgcre  10.  Mean  total  numbers  o {  Pteudacalaniu  minuiui  per  cubic  meter  taken  in  the 
No.  10  net  samples. 

of  4,500  to  5,500/m1  were  found.  However,  the  numbers  decreased 
abruptly  between  late  April  and  early  May,  so  that  P.  minutua  was 
not  nearly  as  abundant  in  May  1953  as  it  had  been  in  May  1952. 
As  previously  noted,  this  was  also  true  of  Temora  longicomia  and 
Acartia  dau&i. 

Fig.  11  shows  the  percentage  composition  of  the  developmental 
stages  in  1952  and  1953.  Between  March  and  July  1952,  two  major 
spawning  periods  are  evident.  The  numbers  of  adults  were  low, 
the  highest  number  (175/m!)  occurring  in  mid-May,  but  judging 
from  the  relative  percentages  and  the  numbers  of  nauplii  and  of  stages 
I  to  III,  spawning  occurred  primarily  during  April  and  late  May 
when  nauplii  were  most  abundant.  Stages  I  to  III  were  most  numer¬ 
ous  in  early  April  and  late  May;  none  were  observed  after  mid-June. 
Stages  IV  and  V  were  also  last  recorded  in  mid-June,  but  a  few  females 
remained  until  the  first  of  July.  Nauplii  were  not  numerous  after 
the  end  of  May.  The  mid-July  maximum  of  nauplii  shown  in  Fig,  11 
is  deceptive,  since  it  represents  only  the  small  numbers  that  were 
found  after  the  copepodid  stages  had  disappeared. 

By  early  December  1952  a  few  females,  stage  V  copepodids  and 
nauplii  had  appeared,  in  mid-December  stages  I  and  II  were  dominant, 
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Figure  H,  Relative  percentages  of  nauplii  and  oopepodfd  stages  of  Psrudotaianus  minw 
to. 

and  by  the  end  of  the  month  all  stages  were  present.  From  January 
to  April  1953  spawning  was  continuous.  The  numbers  of  adults 
increased  to  approximately  350/m*  in  late  January  and  mid-February 
and  reached  maxima  of  over  l,000/'m8  in  mid-March.  The  first 
major  burst  of  nauplii  occurred  in  mid-Januery,  when  2,000/m*  were 
recorded  (see  Fig.  11).  During  most  of  the  period  from  February  10 
to  March  15  the  numbers  of  nauplii  remained  around  3,000.  Nauplii 
also  appeared  in  comparable  numbers  in  early  and  late  April.  There¬ 
after  the  total  numbers  of  all  stages  decreased  abruptly.  During 
the  latter  half  of  May  only  stages  I  to  III  and  nauplii  were  present. 
Possibly  these  developed  into  a  last  generation  of  adults  in  June,  as 
in  1952. 

Appreciable  numbers  of  stage  VI  P.  minutuo  were  found  only  from 
January  to  April,  Later  in  the  spring,  disproportionately  low  num¬ 
bers  of  adults  were  taken.  Possibly,  as  the  temperature  rose  the 
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older  stages  remained  at  the  bottom  of  the  water  column.  This  was 
observed  on  May  21,  1952  at  St.  5  when  H.  Sanders  collected  a  bottom 
sample  which  contained  46,5%  *4.  clausi,  38,4%,  T.  lor^gicarnis,  and 
16.4%  P.  minutus.  The  No.  2  net  oblique  tow  collected  at  the  same 
time  contained  77.4%  A.  clausi,  19.3%  T.  longicomis,  and  no  P. 
minutus.  P.  minutus  nauplii  were  taken  in  the  No.  10  net  haul. 
Apparently,  the  oblique  tows  do  not  always  sample  adequately  the 
forms  that  are  just  above  bottom. 

P.  minutus  females  exhibited  a  wide  range  in  size.  On  the  basis  of 
occasional  observations  only,  their  length,  measured  from  top  of 
head  to  base  of  caudal  rami,  ranged  between  1.0  and  1.8  mm.  In 
January  1953  both  smaller  and  larger  females  were  present,  the  range 
being  1.0  to  1,7  mm;  most  were  fairly  large  in  mid-February.  The 
majority  were  large  in  March,  but  a  few  small  forms  were  still  present. 
In  March  1952  females  up  to  1.8  mm  in  length  were  recorded.  Pre¬ 
sumably  the  smaller  females  matured  in  the  late  fall  or  possibly  during 
the  previous  summer.  The  range  in  size  noted  for  P.  minutus  in 
Block  Island  Bound  (Deevey,  1952a)  was  not  as  extreme;  there  the 
small  individuals  matured  during  the  summer,  larger  females  were 
found  in  January,  and  the  largest  occurred  in  March. 

The  number  of  eggs  carried  by  the  females  also  varied.  In  January 
1953  most  of  those  observed  had  one  or  two  eggs,  although,  a  few  had 
up  to  10  eggs.  In  mid-February,  females  approximately  1.7  mm  in 
length  carried  up  to  10  eggs,  in  March  up  to  16  eggs.  In  April  oc¬ 
casional  specimens  carried  large  egg  sacs,  others  only  one  egg.  Evi¬ 
dently  conditions  in  Long  Island  Sound  were  optimal  for  P.  minutus 
during  March.  Marshal  and  Orr  (1952)  found  that  egg  production 
in  Calanus  depends  primarily  on  the  quantity  of  food  available,  and 
Marshall  (1949)  noted  a  similar  relationshop  between  food  and  egg 
production  in  Pseudocalanus;  in  the  latter,  however,  the  largest  females 
produced  the  greatest  number  of  eggs.  Since  total  numbers  of 
diatoms  were  high  in  March  (see  S.  A,  M.  Conover  in  this  volume), 
it  is  not  surprising  that  the  largest  P,  minutus  and  also  the  greatest 
number  of  eggs  per  eggsac  -were  observed  at  this  time. 

P.  minutus  was  more  numerous  in  Block  Island  Sound  (Deevey, 
1952a),  where  it  was  the  dominant  winter  to  spring  species  and  where 
it  occurred  throughout  the  year,  although  in  minimal  numbers  from 
September  to  December.  Even  though  it  is  capable  of  maintaining 
itself  in  Long  Island  Sound  at  lowered  salinities  and  over  a  wide  range 
of  temperature,  it  is  primarily  a  neritic  species. 
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A  few  other  species  occurred  regularly  but  never  in  abundance. 
Centropages  kamatus  (Liiljeborg)  was  found  in  small  numbers  through¬ 
out  the  spring  and  was  most  numerous  from  late  May  through  July 
1952.  Fewer  numbers  were  recorded  in  1953.  Except  for  April, 
it  was  present  every  month  from  November  1952  to  June  1953. 
Tortanus  disca^udatua  (Thompson  and  Scott)  was  most  numerous  from 
May  to  July  1952,  but  it  was  found  also  in  October  and  November 
1952  and  in  January,  April,  May,  and  June  1953.  Pseudodiaptomus 
coronatus  Williams  occurred  regularly  from  June  1952  to  March  1953, 
in  largest  numbers  from  July  to  November.  L-ahidocera  aestiva  Wheel¬ 
er  was  noted  from  the  end  of  June  to  the  end  of  December  1952; 
it  was  most  abundant  in  early  September.  Since  these  four  species 
have  a  fairly  wide  salinity  tolerance,  one  or  more  factors  other  than 
the  lower  salinity  must  have  been  responsible  for  their  occurrence 
in  limited  numbers.  In  this  general  area,  C.  hamatus  was  observed 
in  relative  abundance  only  in  the  surface  waters  of  Block  Island  Sound 
(Deevey,  1952b).  The  other  species  may  prefer  more  specialized 
environments.  P.  coronaiua ,  for  example,  was  obtained  in  numbers 
on  only  one  occasion,  at  St.  217  on  September  30,  1952  when  it  con¬ 
stituted  83.5%  of  a  night  cow;  this  station  was  at  one  of  the  eastern 
entrances  to  the  Sound  in  an  area  of  rapid  currents.  Also  it  should 
be  noted  that,  compared  with  the  dominant  species,  except  for  Pseu- 
docalanus  minutua,  these  four  species  are  relatively  large.  T.  diacau- 
datua  is  a  carnivore,  but  the  others  are  not,  and  possibly  the  particular 
forms  that  they  prefer  for  food  are  not  abundant  in  the  Sound. 

Harpacticoids  were  recorded  every  month  except  June  1952.  Only 
three  species  vrere  identified;  AUeutha  depressa  Baird  was  found  in 
January  and  April,  but  Clytemneatra  rostrala  (Bradv)  and  M icroseUUa 
norvegica  (Boeck)  wem  noted  only  in  April  1953.  These  species 
probably  entered  from  Block  Island  Sound,  An  unidentified  oyclopoid 
copepod  occurred  in  April,  May,  June  and  August  1952  and  in  April 
and  May  1953,  Eurytemora  sp.,  a  brackish  water  oalanoid,  was 
found  only  in  November  1952. 

The  several  remaining  species  of  copepods  noted  were  stray  speci¬ 
mens  of  neritic  forms  which  were  observed  occasionally  but  which 
could  not  survive  for  any  length  of  time  in  the  Sound;  Centropages 
typicus  Krpyer,  Calanua  finmarckicua  (Gunner),  Paracalanua  parvus 
(Claus),  Metridia  lucens  Boeck,  and  Cardacia  armada  (Boeck),  Table 
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IV  gives  the  records  of  their  occurrence.  These  strays  from  neritic 
waters  must  have  been  carried  into  the  Sound  in  the  more  saline  bot¬ 
tom  waters  that  enter  from  Block  Island  Sound. 

Cladocera 

Three  species  of  Cladocera,  Evadne  nordmanni  Loven,  Podcn  pcly- 
pkemoides  (Leuckart),  and  Penilia  avirostris  Dana,  were  abundant 
seasonally,  but  several  others  were  also  present.  Podon  leuckarti 
Sara  occurred  at  St.  2  in  June  1952  and  P.  intermedins  Lilljeborg  was 
found  at  Sts,  2  and  5  in  late  June  and  Juiy  and  at  Sts.  219  and  220 
in  October  1952.  Bcsmina  sp.  was  recorded  in  June,  September  and 
October  1952  and  in  January,  May  and  June  1053.  Daphnia  sp. 
was  noted  at  St.  2  on  June  1,  1953,  and  Daphnia  ephippia  were 
observed  at  Sts.  1  and  2  in  November  1952.  The  highest  percent¬ 
ages  of  Cladocera  were  found  at  Sts.  1  and  5,  but  in  all  instances 
the  total  numbers  of  the  several  important  species  were  highest  at  St.  1. 

Fig.  12  shows  the  mean  total  numbers  of  P.  polyphemoides  col¬ 
lected  in  the  No.  2  and  No.  10  net  samples  in  1952.  Only  a  small 
proportion  of  the  P.  polyphemoides  population  was  retained  by  the  No. 
2  net.  P.  polyphemoides  appeared  at  St.  1  during  the  latter  part  of 
May  but  not  at  the  other  stations  until  June.  Two  maxima  were 
found  in  the  No.  10  net  hauls  from  Sts.  1  and  2,  but  by  far  the  greater 
numbers  occurred  at  St.  1,  where  approximately  15,000/m®  were 
recorded  on  June  19  and  nearly  30,000/m8  on  July  8.  At  St.  8  the 
highest  numbers  obtained  were  1,000/m5  in  June;  at  St.  5  it  was  not 
numerous  until  July.  Two  maxima  of  approximately  1,000/m®  were 
found  in  the  No.  2  net  samples,  and  it  is  of  interest  to  note  that  the 
highest  numbers  of  the  larger  specimens  occurred  in  each  case  a 
week  before  the  maxima  recorded  for  the  No.  10  net  hauls.  Although 
it  has  a  wide  salinity  tolerance,  P.  polyphemoides  apparently  prefers 
waters  of  lower  salinity.  It  was  the  only  species  of  Cladocera  ob¬ 
served  in  Tisbury  Great  Fond  (Deeve.y,  1948),  where  it  was  found  to 
be  extremely  euryhaline  and  moderately  eurythermal,  but  it  occurred 
in  smaller  numbers  there  than  at  St.  1.  It  was  not  found  in  Block 
Island  Sound  (Deevey,  1952a,  1952b).  There  this  genus  was  repre¬ 
sented  by  P.  leuckarti  and  P.  intermedius,  species  which  did  not  occur 
in  any  quantity  in  Long  Island  Sound.  P.  polyphemoides  was  pre¬ 
viously  reported  from  Long  Island  Sound  by  Fish  (1925). 

Eeadm  nordmanni  occurred  from  April  to  August  1 952,  with  greatest 
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numbers  in  June  and  July;  it  was  also  found  in  April,  May  and  June 
1953,  The  mean  total  numbers  obtained  in  the  No.  2  and  No.  10 
net  hauls  from  all  stations  in  1952  are  shown  in  Fig.  13.  In  June 
E.  nordmanni  was  most  abundant  at  St.  1,  where  nearly  6,000/mJ 
were  recorded  from  the  No.  10  net  samples;  in  July  the  highest  num¬ 
bers,  3,500/m8  were  noted  at  St.  2.  Not  over  1,000/m*  were  obtained 
at  Sts.  5  and  8.  As  was  the  case  with  P.  polyphemoides,  the  No.  2 
net  samples  revealed  maxima  a  week  before  the  largest  numbers 
were  found  in  the  No,  10  net  hauls,  but  the  difference  in  total  numbers 
retained  by  the  No.  2  and  No.  10  nets  was  not  nearly  as  great  for 
E.  nordmanni  as  for  P.  polyphemoides.  E.  nordmanni  occurred  for  a 
greater  part  of  the  year  in  Block  Island  Sound,  where  the  early  June 
maximum  was  followed  by  a  much  smaller  one  from  late  August  to 
October.  In  Long  Island  Sound  its  period  of  occurrence  coincided 
with  that  of  P.  polyphemoides ,  but  it  was  most  numerous  in  June 
whereas  P.  polyphemoides  "was  obtained  in  highest  numbers  in  July. 

Penilia  avirostris  was  recorded  from  July  to  October  1952.  Fig.  14 
shows  the  mean  total  numbers  obtained  in  the  No.  2  and  No.  10  net 


Figura  14.  Moan  tota!  numbers  of  Penilia  atfrosMs  per  enbic  meter  obtained  in  tha  No.  2 
and  No,  10  samples  1l  1652. 
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hauls.  As  in  the  case  of  P.  polyphemcides  and  Evadne  nordmanni, 
P.  avirottri-s  was  most,  abundant  at  Sts.  l  and  2  where  two  maxima 
occurred,  the  first  at  the  beginning  of  September  and  the  second 
■'  only  two  weeks  later.  At  St.  2  the  highest  number,  6,000/m8,  was 
recorded  in  early  September,  at  which  time  7,500/in*  were  noted  at 
St.  1;  in  mid-September  nearly  11.000/m*  were  found  at  St.  1.  Only 
one  maximum  was  recorded  at  Sts.  5  and  8;  at  St.  8  '  700/ m*  weie 
noted  in  iate  August,  but  at  St.  5  it  was  not  numerous  until  mid- 
September  (4,000/ms).  The  No.  2  net  samples  showed  a  small  early 
maximum  in  late  August,  but  in  mid-September  almost  as  many  were 
retained  by  the  No.  2  as  by  the  No.  10  net.  In  Block  Island  3ound 
in  1949  P.  anrostris  was  also  found  from  August  to  October.  This 
species  has  not  hitherto  been  considered  a  regular  member  of  the 
zooplankton  communities  of  the  coastal  waters  of  the  northeastern 
Atlantic  coast  of  the  United  States.  Although  it  was  noted  seasonally 
in  Block  Island  Sound  (Deevey,  1952a,  1952b),  it  appeared  together 
with  the  influx  of  warm  water  species  in  late  summer  and  early  fall, 
P.  avirostrts  itself  is  primarily  a  warm  water  species.  However,  it  may 
have  extended  its  range  recently.  It  was  first  observed  at  St.  1 
in  July,  earlier  than  its  usual  time  of  appearance  in  Block  Island  Sound; 
it  waa  also  most  abundant  at  St.  1.  This  may  mean  that  it  has  now 
become  acclimated  to  these  wraters  and  is  an  indigenous  member  of  the 
plankton  fauna.  So  far  as  is  known,  all  of  the  other  records  for  this 
species  in  these  latitudes  are  from  neritic  waters.  Its  occurrence  in 
numbers  in  waters  of  lower  salinity  may  not  have  been  reported 
previously. 

The  L-abvae  of  Bottom  Invertebrates 

The  periods  of  occurrence  of  the  various  larvae  of  bottom  inverte¬ 
brates  are  given  in  Table  IV.  Only  lameilibranch  veiigers,  gastropod 
veligers  and  nolychaete  larvae  were  obtained  in  numbers,  but  echino 
derm  larvae  and  barnacle  larvae  were  fairly  numerous  seasonally. 
The  total  numbers  of  bottom  larvae  taken  in  the  No,  10  net  hauls 
at  St.  2  are  shown  in  Fig.  3. 

Lameilibranch  veligers  constituted  by  far  the  greater  part  of  the 
total  numbers  of  bottom  larvae  recorded  during  the  year.  Fig. 
15  presents  the  mean  numbers  taken  in  the  No.  10  net  samples. 
Maximal  numbers  were  found  from  late  May  to  mid- July  1952; 
a  smaller  maximum  occurred  in  September.  The  highest  number, 
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Figure  15.  Mean  total  numbers  of  la tnelll branch  veligara  per  cubic  mete  taken  In  tbe 
No.  10  net  samples  from  March  1952  to  June  1,  1953. 

81,300/m8,  was  noted  at  St.  2  on  July  8,  Few  were  present  during 
the  fall  and  none  were  recorded  in  December  and  January.  In  1953, 
small  numbers  were  found  from  late  February  to  mid-May,  when 
the  numbers  increased  abruptly  once  more,  although  they  had  de¬ 
clined  on  June  1. 

Gastropod  veligers  were  numerous  only  during  the  summer  of  1952, 
although  small  numbers  or  occasional  specimens  were  recorded  from 
April  1952  to  January  1953  (see  Table  IV).  They  were  not  present 
during  late  winter  and  spring  1953,  The  mean  numbers  taken  in  the 
No.  10  net  samples  are  shown  in  Fig.  16  together  with  those  of  the 
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polychaete  larvae.  The  numbers  increased  in  June,  were  maximal 
during  July  and  August,  and  decreased  by  October.  Relatively  few 
gastropod  veligers  were  obtained  in  the  No.  2. net  samples. 

The  only  other  molluscan  larvae  noted  were  occasional  specimens 
of  squid  larvae  at  the  offshore  stations  in  August,  September  and 
October  1952. 

Polychaete  larvae  were  present  every  month  from  March  1952  to 
June  1953,  but  they  were  abundant  only  during  July  and  to  a  lesser 
extent  in  August.  The  mean  numbers  from  the  No.  10  net  samples 


Figure  18.  Mean  total  numbers  per  cubic  meter  of  gastropod  YeUgeis  and  polychaete 
larvae  obtained  In  the  No.  10  net  samples. 

are  presented  in  Fig.  16.  Few  were  observed  during  late  fall,  small 
numbers  were  found  during  winter  and  spring,  and  large  numbers 
occurred  only  in  July. 

Autolytus  sp.  was  noted  on  a  number  of  occasions  (see  Table  IV), 
but  Tomopteria  sp.  was  found  only  in  March  1953  at  the  offshore 
stations.  Tomcpteris  is  a  pelagic  polychaete,  whereas  Autclyiua 
commonly  appears  in  the  plankton  only  at  certain  stages  of  its  life 
history. 

The  cypbonautes  larvae  of  Bryozoa  were  more  numerous  in  Block 
Island  Sound  than  in  Long  Island  Sound,  where  a  few  were  observed 
in  the  spring  and  from  late  summer  to  early  fall  (see  Table  IV).  The 
highest  numbers  were  found  in  samples  collected  on  cruises  to  the 
eastern  part  of  the  Sound.  Approximately  125/m1  were  recorded 
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from  the  No.  2  net  samples  obtained  on  the  June  1952  cruise  and  16c/'m* 
from  No.  10  net  samples  collected  Oj  October  1,  1952. 

Echinoderm  larvae  were  present  in  appreciable  numbers  onlj  in 
July  and  August  1952,  although  they  also  occurred  in  June  and  Sep¬ 
tember.  Highest  numbers  were  found  at  St.  1.  where  S00/m8  were 
recorded  on  July  15  and  1,230/m8  on  July  22.  In  August  fewer  than 
200/m*  were  noted. 

Quite  a  variety  of  crustacean  larvae  was  found  (see  Table  IV). 
Balanus  balanoides  cyprids  occurred  in  greater  numbers  than  the 
nauplii  and  were  present  from  March  to  early  May  1952  and  from 
January  to  May  1953,  but  they  were  not  as  numerous  in  1953.  B. 
balanoides  nauplii  were  taken  in  March  and  April  1952  md  from 
early  January  to  April  1953.  The  largest  number  recorded  was 
500/m8  in  mid-January  at  St.  1.  The  larvae  of  other  species  of 
barnacles  were  obtained  from  May  to  November.  CypridB  were  most 
numerous  in  late  July,  when  a  mean  total  of  200/m8  was  found.  On 
October  1  the  largest  number  of  barnacle  nauplii,  355/m5,  was  recorded, 

A  few  mysid  larvae  were  observed  every  month  except  August  1952. 
They  were  rarely  numerous,  but  in  early  October  they  constituted 
9.4%  of  the  No.  2  net  haul  from  St.  5,  Larval  gammarid,  caprellid 
and  hyperiid  amphipods  and  micrcniscus  larvae  of  ioopods  were 
noted  on  a  number  of  occasions  (see  Table  IV).  The  pseudozoeae 
of  Squilla  were  taken  from  July  to  October  1952;  on  September  9 
nearly  200/m8  were  recorded  at  St.  2.  Cumacea  were  obtained  only 
during  the  April  1953  cruise  to  the  eastern  end  of  the  Sound. 

Larval  Crago  septemspinosua  was  found  at  most  of  the  stations 
fairly  continuously  but  in  small  numbers  from  mid-April  to  December 
1952  and  from  April  to  June  1953.  Hippolyte  larvae  were  noted  oc¬ 
casionally  in  spring  and  summer,  whereas  Upogebia  and  Eupagurua 
larvae  were  taken  frequently  during  the  summer  and  fall  months  (see 
Table  IV).  Porcelianid  larvae  were  found  only  in  the  eastern  part  of 
the  Sound  in  October  1952. 

The  remaining  crustacean  larvae  belong  to  the  Brachyura.  The 
zoeae  of  Libinia  sp.,  Neopancpe  texana  sayi,  Pinnixa  sp.,  and  Cal- 
Unecles  sapidua  occurred  continuously  during  the  summer  and  early 
fall.  Carvcer  irroralus  zoeae  were  taken  also  in  late  spring  (see  Table 
IV),  but  the  zoeae  of  Pelia  muHca  and  Pinnotheres  rnaculataa  were 
observed  only  in  the  early  fall.  Zoeae  were  most  numerous  in  Au¬ 
gust,  the  highest  number  recorded  being  410/m3  at  St.  8  on  August  12. 
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Megalops  larvae  were  found  from  August  to  October  and  young 
specimens  of  Pinnotheres  sp.  were  taken  in  the  zooplankton  hauls  in 
August  and  October. 

Other  Forms 

Of  the  remaining  groups  of  organisms,  the  tunicates  and  rotifers 
(see  Fig.  17)  appeared  seasonally  in  relatively  large  numbers.  Oiko- 
pleura  dioica  Fol  was  the  only  tunicate  that  occurred  in  abundance, 
but  Fritillaria  sp.  was  found  at  St.  318  in  the  eastern  part  of  the  Sound 
in  April  1953.  0.  dioica  was  present  at  most  of  the  regular  stations 


Figure  17.  Mean  total  numbers  per  cubic  meter  of  Oi  lopUura  dicica  and  rotifers  taltea 
in  the  No.  1C  net  hauls. 


from  mid- August  to  mid-November  1952,  with  maximal  numbers 
in  mid-September,  when  about  5,50Q/m!  were  recorded  at  St.  2, 
4,800/m*  at  St.  1,  and  3,000/m*  at  St.  5.  At.  St.  8  maximal  numbem 
of  about  1,300/m3  were  found  in  late  August.  In  Block  Island  Sound 
this  species  occurred  from  July  to  September  in  comparable  numbers 
(Deevey,  1952a). 

Rotifers  were  found  in  March,  April,  May,  and  November  1952 
and  from  February  to  June  1953.  They  were  present  in  minimal 
numbers  in  1952,  but  in  1953  they  were  fairly  abundant  in  early  April 
and  late  May  (see  Fig.  17).  The  highest  number  recorded  was 
7,000/m3  at  St.  2  in  early  April.  Only  during  the  latter  part  of  May 
were  they  observed  at  all  of  the  regular  stations. 

Hydromedusae  were  found  in  small  numbers  throughout  the 
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period  studied.  They  were  somewhat  more  numerous  in  April  of 
each  year,  the  highest  number  being  535/m1  at  St.  3  in  1952.  As 
yet  ail  of  the  species  have  not  been  identified.  Hyboe-cdon  prolifer 
occurred  in  March  and  April  1952  and  from  January  to  April  1953, 
Rathkea  octopunctata  from  March  to  May  1952  and  from  January 
to  April  1953.  Sarsici  mirabiliz  was  found  in  April,  Stcmctcca  diru.ma 
in  November,  and  Nemopsia  bachei  in  December  1952.  Several  other 
species  were  also  present.  Actinuli  (see  Table  IV)  were  recorded  in 
the  fall  and  spring. 

Unidentified  siphonophores  were  noted  on  two  occasions  in  late 
fall  1952.  A  battered  specimen  was  found  at  St.  2  on  November  10, 
and  on  November  24  at  St.  8  another  siphonophore  was  obtained 
from  a  sample  which  also  contained  Candaaia  armata  and  Calanus 
finmarchicus.  Obviously,  these  specimens  had  been  carried  in  from 
Block  Island  Sound. 

Sagitta  clegam  was  the  only  chaetognath  found  in  the  Sound. 
Though  never  abundant,  it  occurred  continuously  from  March  to 
July  and  from  October  1952  to  May  1953.  In  making  observations 
on  this  species,  Pierce’s  (1951)  three  maturity  stages  have  been  used 
to  designate  the  relative  stage  of  development  of  the  individuals. 
At  least  one  generation  was  produced  between  March  and  June  1952. 
Stage  III  sagittae  were  present  in  March  and  early  April  and  again 
in  June  and  on  July  1.  Eggs  and  Stage  I  individuals,  though  noted 
every  month  from  March  to  July,  were  more  numerous  in  March  and 
early  April  and  in  June  and  July.  The  sagittae  disappeared  the 
latter  part  of  July. 

Between  fall  1952  and  late  May  1953  probably  three  generations 
were  produced,  but  reproduction  must  have  been  fairly  continuous 
during  winter  and  spring,  since  eggs  were  present  from  December  to 
late  May.  A  few  stage  I  individuals  appeared  in  October,  and  these 
were  followed  by  stage  II  sagittae  in  November  and  December  1952. 
Stage  III  individuals  w'ere  present  in  January,  March  to  early  April, 
and  mid-May  1953.  Probably  the  sagittae  wrhich  matured  in  January 
produced  the  generation  that  matured  in  March  and  early  April, 
and  these  spawned  the  individuals  that  were  beginning  to  mature 
by  mid-May.  The  available  data  give  no  clue  to  the  origin  of  the 
sagittae  that  appeared  in  the  fall.  In  Block  Island  Sound,  too, 
Sagitta  eleganx  was  not  found  in  the  zooplankton  tows  during  late 
summer  and  early  fall  (Deevey,  1952b).  Also,  it  is  not  known  whether 
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Sapitta  is  indigenous  te  Long  Island  Sound  or  whether  it  is  continually 
brought  in  from  Block  Island  Sound  in  the  deeper,  more  saline  waters. 

The  other  organisms  taken  in  the  zooplankton  tows  were  nematodes 
and  fish  eggs  and  larvae.  Nematodes  were  recorded  only  in  Septem¬ 
ber  and  October  1952  and  in  April  and  May  1953.  Fish  eggs  and 
larvae  v/ere  never  found  in  numbers  in  the  hauls,  although  £bh  larvae 
were  noted  every  month  from  March  1952  to  May  1953  and  fish  eggs 
were  absent  from  the  samples  only  from  November  through  February. 
These  forms  have  been  studied  in  detail  by  Wheatland,  whose  report 
is  given  in  an  accompanying  paper. 


DISCUSSION 

All  of  the  zooplankton  organisms  living  in  Long  Island  Sound 
are  euryhaline  species  that  are  adapted  to  waters  of  lower  salinity. 
The  copepods  are  the  dominant  group,  comprising  at  least  80%  of 
the  population  during  the  greater  part  of  the  year,  while  the  larvae 
of  bottom  invertebrates,  several  species  of  Cladocera,  and  a  few 
other  forms  are  fairly  abundant  seasonally.  Although  a  few  species 
of  copepods  are  exceedingly  numerous  during  the  year,  the  total 
number  of  species  is  limited,  since  the  neritic  forms  which  are  carried 
into  Long  Island  Sound  from  Block  Island  Sound  are  unable  to  live 
at  the  lower  salinities.  The  zooplankton  population  is  therefore 
more  or  less  self  contained.  The  dominant  copepods  are  small 
species.  For  reasons  not  apparent  at  present,  several  larger  copepods 
which  might  be  expected  to  occur  were  found  only  in  limited  numbers, 
at  least  at  the  stations  studied.  The  important  species  are  Acartia 
dausi,  A.  torusa,  Temora  longicornie,  Paracalanus  eraser  ostris,  and 
CHthona  spp. 

Whereas  most  of  the  neritic  species  of  the  neighboring  waters  are 
barred  from  Long  Island  Sound  by  the  lower  salinities,  nearly  all 
of  the  forms  found  in  abundance  in  the  Sound  are  fairly  numerous 
in  Block  Island  Sound.  Acartia  tonsa,  Temora  longicornie,  Para- 
calanua  crossirostris  and  CHthona  spp.  are  relatively  abundant  and 
contribute  appreciably  to  the  total  numbers  of  the  zooplankton 
population  of  Block  Island  Sound.  Only  Acartia  claus-i,  the  species 
most  successfully  adapted  to  living  in  Long  Island  Sound,  is  evidently 
incapable  of  maintaining  itself  in  numbers  in  Block  Island  Sound, 
On  the  other  hand,  Pseudocalanus  minutus  is  the  only  primarily 
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neritic  copepod  that  is  able  to  survive  and  reproduce  successfully 
iu  Long  Island  Sound. 

Of  tbe  other  members  of  the  plankton  fauna,  two  of  the  important 
species  of  Cladocera,  Penilia  avirostris  and  Evadne  ncrdmanni ,  occur 
in  both  Long  Island  Sound  and  Block  Island  Sound,  although  they 
were  move  numerous  in  the  former.  Podon  polyphem.oides ,  numeri¬ 
cally  the  most  abundant  cladoceran  in  Long  Island  Sound,  has  not 
been  recorded  from  Block  Island  Sound,  where  it  is  replaced  by  two 
other  species  of  Podcn.  The  higher  salinities  should  not  have  barred 
P.  polyphemoides,  since,  according  to  Baker  (1938),  it  has  a  wide 
salinity  tolerance  and  occurred  throughout  the  year  in  Monterey  Bay 
where  salinities  are  higher  than  those  of  Block  Island  Sound.  The 
two  species  of  Podon  found  in  Block  Island  Sound  were  not  numerous 
in  Long  Island  Sound. 

Of  all  the  groups  and  species  of  zooplankton  organisms  observed 
in  Block  Island  Sound,  few'  can  tolerate  the  lower  salinities  of  Long 
Island  Sound.  Pseudoadanuo  minuius  and  Sagitta  elegans  are  the 
two  forms  living  in  Long  Island  Sound  whose  stock  may  be  continu¬ 
ally  augmented  by  repeated  incursions  from  Block  Island  Sound. 
Possibly  Gikcpleura  dioica  should  be  included  with  these  species, 
since  it  occurs  in  comparable  numbers  in  both  Sounds.  Presumably 
the  hydromedusae,  found  equally  in  the  two  areas,  are  not  affected 
by  changes  in  salinity.  Conversely,  the  majority  of  species  which 
are  abundant  in  Long  Island  Sound  may  be  carried  out  in  the  less 
saline  surface  waters,  thus  ir.creasing  the  variety  of  plankton  in  Block 
Island  Sound. 

Zooplankton  displacement  volumes  have  been  found  to  be  of  the 
Bame  order  of  magnitude  throughout  the  coastal  waters  of  the  north¬ 
eastern  United  States  (Riley,  et  al.,  1949).  A  similar  range  of  volumes 
has  been  noted  in  some  European  waters  also  (Wiborg,  1954).  Over 
the  continental  shelf  from  Cape  Cod  to  Chesapeake  Bay,  Bigelow 
and  Sears  (1939)  found  volumes  of  0.4  to  0.8  cc/m3,  while  the  zoo¬ 
plankton  of  Georges  Bank  (Riley  and  Bumpus,  1946)  yielded  a  mean 
of  0.72  cc/m3.  Redfield's  (1941)  data  gave  mean  volumes  varying 
between  0.3  and  0.53  cc/m5  for  the  different  sectors  of  the  Gulf  of 
Maine.  For  Block  Island  Sound  (Deevey,  1952a)  the  mean  volumes 
obtained  were  0.68  cc/'m!  for  the  No.  10  net  samples  and  0.21  cc/m5 
for  the  No.  2  net  hauls.  The  mean  concentrations  recorded  for  1952 
to  1954  for  Long  Island  Sound  were  0.95  cc/m5  for  the  No.  10  net  tows 
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and  0.29  cc/ma  from  the  No.  2  net  samples.  Apparently,  in  both 
Sounds  the  No.  2  net  sampled  only  about  a  third  of  the  total  popula¬ 
tion.  If  the  figure  of  0.95  cc/ms  is  accepted  as  representative  of  the 
quantity  of  zooplankton  in  Long  Island  Sound,  it  appears  that  these 
waters  produce  a  slightly  greater  volume  than  the  neritic  areas  in¬ 
vestigated. 

However,  the  Sound  is  a  relatively  shallow  body  of  water,  the 
depths  varying  from  approximately  9  to  27  m  at  the  stations  studied, 
while  the  mean  depths  of  Georges  Bank  and  Block  Island  Sound  are  65 
and  30  m  respectively.  When  estimates  of  the  mean  volumes  beneath 
a  square  meter  of  sea  surface  are  made,  it  is  seen  that  at  best  the  total 


crop  produced  in  Long  Island  Sound  is  probably  no  greater  than 


that  of  Block  Island  Sound.  This  is  illustrated  in  Fig.  18,  which 
compares  the  mean  monthly  volumes,  in  ce/m2  of  sea  surface,  recorded 


Figur*  la.  Mean  monthly  zooplankton  displacement  volumes,  ia  oc/m*  of  sea  eurfeee, 
recorded  from  Lonjj  Island  Sound,  Blcrk  Island  Sound  and  OrecrgPt  Bank. 
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from  Georges  Bank,  Block  Island  Sound  and  Long  Island  Sound. 
Fig.  18  also  shows  that  maximal  volumes  were  found  in  late  spring 
and  late  summer  in  both  Sounds,  while  the  Georges  Bank  volumes 
were  highest  in  May.  The  mean  volumes  obtained  for  the  No.  10 
net  zooplankton  from  the  four  stations  in  Long  Island  Sound  (see 
Table  III)  ranged  from  8.1  at  St.  1  to  19.8  cc/'m*  at  St.  2.  The  mean 
volume  recorded  for  Block  Island  Sound  was  20.4  ec/ms  of  sea  surface, 
while  the  estimated  mean  for  Georges  Bank,  48  cc/m!,  is  more  than 
twice  as  large.  Therefore,  although  Long  Island  Sound  yielded  a 
relatively  high  volume  of  zooplankton  per  cubic  meter,  the  total 
crop  produced  did  not  exceed  that  of  Block  Island  Sound  and  was  not 
half  as  large  as  the  mean  volume  per  square  meter  of  sea  surface 
recorded  for  Georges  Bank. 

It  is  also  of  interest  to  compare  the  difference  in  total  numbers 
of  organisms  in  neritic  and  less  saline  waters,  In  total  numbers  per 
cubic  meter,  the  zooplankton  population  of  Long  Island  Sound  far 
exceeded  that  of  any  neritic  area  thus  far  studied  quantitatively  by 
similar  methods.  In  Block  Island  Sound  the  largest  number  obtained 
with  the  No.  10  net  was  32,000/m'  in  early  June,  while  the  No.  2 
net  retained  maximal  numbers  of  a  little  over  7,000/m5  in  August. 
From  Long  Island  Sound,  mean  total  numbers  of  over  200,000/m5  were 
recorded  in  No.  10  net  hauls  in  late  May  and  of  over  30,000/m5  in 
the  No.  2  net  samples  in  April  1952.  Thus  the  No.  2  net  hauls  almost 
equalled  in  total  numbers  the  No.  10  net  tows  from  Block  Island 
Sound.  Fig.  19  shows  the  mean  monthly  total  numbers  per  square 
meter  of  sea  surface  obtained  from  Long  Island  Sound,  Block  Island 
Sound,  and  Georges  Bank  (Riley  and  Bumpus,  1946).  The  data 
shown  in  Figs.  18  and  19  are  presented  as  per  square  meter  of  sea  sur¬ 
face  in  order  to  illustrate  clearly  and  to  compare  the  total  quantities 
of  zooplankton,  both  volumetric  and  numerical,  that  have  been  found 
in  these  three  areas.  Georges  Bank,  with  small  numbers  of  large 
neritic  species  and  with  the  greatest  mean  depth,  yielded  the  highest 
total  volume  per  square  meter.  Tne  waters  of  Block  Island  Sound, 
on  the  other  hand,  act  as  a  meeting  ground  for  brackish  and  neritic 
species.  With  a  mean  depth  of  a  little  less  than  half  that  of  Georges 
Bank,  this  area  produced  many  more  organisms  but  less  than  half 
the  mean  volume  of  zooplankton  per  square  meter.  Lastly,  Long 
Island  Sound,  with  the  shallowest  depth  and  with  a  population  con¬ 
sisting  almost  entirely  of  small  species,  yielded  volumes  which  were 
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Figure  19.  Moan  monthly  total  numbers  per  square  meter  of  sea  surface  recorded  from 
Long  7 eland  Sound.  Block  Island  Sound  and  Georges  Bank. 

comparable  to  those  of  Block  Island  Sound  but  produced  at  least  twice 
as  many. -organisms  for  the  total  water  column.  There  is  thus  an 
extraordinary  increase  in  total  numbers  o?  zooplankton  in  passing 
from  offshore  neritic  areas  to  inshore  neritic  and  then  to  more  enclosed, 
less  saline  waters.  Accompanying  this  there  is  evidently  a  tremendous 
decrease  in  the  mean  size  of  individuals,  since  the  mean  displacement 
volumes  per  cubic  meter  do  not  vary  widely.  Less  saline  waters 
favor  the  development  of  a  zooplankton  population  composed  chiefly 
of  small  organisms,  if  only  by  excluding  the  larger  neritic  species. 
This  is  undoubtedly  of  considerable  import  to  the  higher  forms  in 
the  food  chain,  and  it  helps  to  explain  why,  aside  from  the  other 
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factors  involved,  the  areas  of  greatest  fish  productivity  are  in  neritic 
waters. 

Although  Long  Island  Sound  produces  a  relatively  high  concentra¬ 
tion  of  zooplankton,  the  constituent  organisms  are  so  small  that  not 
many  of  the  plankton-feeding  fish  are  able  to  thrive  on  them,  Only 
a  few  plankton-feeding  species  are  found  in  the  Sound  (see  Wheatland 
in  this  volume),  and  they  are  forms  that  are  well  suited  to  utilize 
the  available  food.  Herring  enter  the  Sound  only  in  the  winter  when 
Pseudocalanu3  is  numerous,  Menhaden  are  abundant  during  the 


summer  months;  these  fish  are  efficient  Site-  feeders  and  are  well  ;j 

adapted  to  feed  on  small  organisms.  Anchovies  are  present  through- 
out  the  year.  Aside  from  these  there  are  several  species  which  appear  '] 

in  the  Sound  only  during  their  early  stages  of  development.  Some  .) 

enter  to  spawn,  their  young  remaining  for  a  while  and  then  departing,  ;i 

and  others  come  into  the  Sound  as  juveniles  and  stay  for  several  1 

months.  It  is  evident  that  the  zooplankton  organisms  of  Long 
Island  Sound  cannot  furnish  appropriate  food  for  a  large  plankton-  j 


feeding  fish  population,  but  they  are  nevertheless  adequate  food  for 
young  fish  and  for  the  few  species  which  are  able  to  filter  small  forms. 
Therefore,  Long  Island  Sound  has  no  large  commercial  fisheries  but 
serves  an  important  role  as  a  spawning  ground  and  nursery  for  young 
fish. 
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ABSTRACT 

Descriptive  data  have  been  supplemented  with  comparative  laboratory  studies 
to  determine  as  precisely  as  possible  the  effect  of  environment  on  Acartia  dausi  and 
A,  tonsa.  Developmental  stages  are  described  and  the  characters  used  to  distinguish 
between  them  are  discussed. 

The  Sound  appears  to  be  a  marginal  area  for  both  species.  A.  clausi  is  dominant 
in  winter  and  spring  and  A.  tonsa  is  an  important  constituent  of  the  zooplankton  in 
slimmer  and  fall,  but  twice  each  year  both  species  can  be  taken  in  the  same  plankton 
tow.  During  most  of  the  year,  males  of  both  species  are  less  abundant  than  females. 
Probably  the  males  and  certainly  the  developmental  stages  are  affected  by  changes 
in  the  environment  before  the  females.  At  least  four  generations  of  dausi  and 
probably  four  generations  of  tonsa  are  produced  each  year,  Whereas  tonsa  develops 
from  egg  to  adult  in  three  to  four  weeks  during  summer,  dausi  requires  over  a  month 
for  comparable  development  during  the  cooler  months.  For  both  species,  the  adult 
life  is  a  month  or  less  during  much  of  the  year,  but  in  winter  it  is  prolonged.  Both 
spede3  attain  greatest  size  in  winter  and  are  smallest  in  summer. 

Laboratory  experiments  demonstrate  that  light  controls  vertical  migration  but 
does  not  affect  respiratory  or  grazing  rates.  Temperature  was  found  to  have  a 
profound  effect  on  metabolism  and  activity.  Vertical  migrations  of  tonsa  are 
retarded  by  low  temperatures,  and  a  thermocline  can  limit,  the  vertical  migration  of 
dausi  when  surface  waters  have  wanned  to  r.  critical  level  (16  to  18°  C).  At  low 
temperatures,  dausi  is  more  active  and  has  a  higher  respiratory  rate  tn&n  tonsa. 
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Evidence  for  seasonal  adjustment  of  metabolism,  particularly  for  clauA,  was  found. 
The  amount  of  food  available  and  perhaps  the  reproductive  state  of  the  animals 
can  also  influence  respiration.  Temperature,  the  kind  and  amount  of  food,  and  the 
physiological  state  of  the  food  culture  affect  feeding  rates.  Food  selection  has  been 
demonstrated  for  both  species;  adult  dausi  and  tonsa  may  have  different  food 
preferences  in  summer. 

Respiratory  and  filtering  rates  were  used  to  compare  the  relative  efficiencies  of 
each  species  under  different  temperature  conditions.  Adult  dausi  appears  to  be 
more  successful  in  laboratory  experiments  under  both  winter  and  summer  temper¬ 
ature  conditions,  but  the  total  amount  of  food  available  in  the  natural  environment, 
as  indicated  by  chlorophyll  analyses,  appears  to  be  sufficient  to  support  a  large 
population  of  either  species  in  summer.  Eowever,  gracing  was  relatively  inefficient 
when  the  food  organisms  consisted  of  naked  flagellates  and  other  nannoplankton. 
These  organisms  were  abundant  in  summer,  so  that  food  limitation. was  a  possibility. 

Evidence  from  Tisbury  Great  Fond  suggests  a  rigid  temperature  control  of  seasonal 
distribution  for  thfse  species.  In  Long  Island  Sound,  temperature  appears  to  control 
the  dominance  of  dausi  and  tonsa  in  a  more  subtle  manner.  Classical  competition 
theory  is  used  to  interpret  the  distribution  of  the  Sound  populations.  During 
periods  of  coexistence,  temperature  keeps  the  ecological  niches  separated.  How¬ 
ever,  twice  a  year  the  niches  coincide,  and  competition,  probably  between  the 
younger  stages,  eliminates  the  species  lass  well  adapted  to  prevailing  conditions. 

Data  accumulated  in  this  study  have  been  used  to  interpret  seasonal  distribution 
of  Aeariia  in  other  localities. 

Daily  zooplankton  production  of  a  population  dominated  by  Acariia  is  estimated 
to  be  18.0%  under  favorable  conditions, 

INTRODUCTION 

Pelagic  copepods  constituted  the  major  portion  of  the  Long  Island 
Sound  zooplankton  taken  in  routine  hauls  with  the  Clarke-Burnpus 
plankton  sampler.  Of  the  copepods,  two  species  of  Acartia  pre¬ 
dominated  during  most  of  the  year.  A.  clavsi  was  present  through¬ 
out  winter  and  spring  and  disappeared  in  July,  while  A.  tonsa  was 
most  abundant  from  July  to  December  or  January,  although  some 
individuals  lingered  well  into  spring,  Deevey  (194S)  observed  a 
similar  seasonal  cycle  for  these  species  in  Tisbury  Great  Pond,  but 
there  the  period  of  existence  for  each  was  somewhat  shorter  and 
terminated  more  abruptly.  Her  data  suggested  a  rigid  temperature 
control;  dausi  apparently  could  not  tolerate  temperatures  much 
over  20s  C,  and  tonsa  did  not  appear  until  temperatures  reached  20°. 
However,  in  Long  Island  Sound  the  populations  of  tonsa  survived 
the  coldest  months,  only  to  disappear  in  spring  after  the  water  tem¬ 
peratures  had  begun  to  rise  again. 

If  temperature  is  the  factor  that  controls  the  seasonal  distribution 
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of  these  species  in  the  Sound,  it  may  also  control  their  geographical 
distribution.  Both  have  been  found  in  estuarine  and  coastal  waters 
over  much  of  the  world,  and  occasionally  they  have  been  observed 
as  part  of  the  oceanic  plankton.  Although  claim  has  been  reported 
from  Lat.  50°  S  to  80c  2s  and  within  5°  of  the  Equator  in  all  major 
oceans,  off  the  east  cuast  of  North  America  this  species  is  more  suc¬ 
cessful  in  the  cooler  waters  (Sewell,  1948).  Bigelow'  and  Sears  (1939) 
found  that  it  was  confined  to  coastal  water  south  of  Cape  Cod;  to 
the  north,  however,  it  might  occur  offshore  as  well.  On  the  other 
hand,  tonea  is  largely  restricted  to  a  band  of  tropical,  subtropical 
and  warm  temperate  waters  around  the  earth.  While  this  species 
does  penetrate  the  high  latitudes  in  European  waters,  it  is  confined 
to  warmer  estuarine  conditions.  For  instance,  it  is  found  in  the 
Baltic  and  Gulf  ot  Finland  but  not  off  the  coast  of  Norway  at  com¬ 
parable  latitudes.  On  the  east  coast  of  the  United  States,  Cape 
Cod  may  be  a  barrier  to  this  form  since,  to  the  north,  H  has  been 
found  only  in  Plymouth  Harbor  (Wheeler,  1901);  Bigelow  (1926) 
did  not  report  it  from  the  Gulf  of  Maine. 

Thus,  Long  Island  Sound  appears  to  be  a  marginal  area  for  both 
tonsa  and  claim,  a  region  which  is  ideal  for  study  of  the  environ¬ 
mental  and  biological  interrelations  that  govern  their  distribution  > 
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COMPARATIVE  DEVELOPMENT  OF  A.  CLAUSI  AND 

A.  TONS  A 

In  order  to  understand  as  clearly  as  possible  the  relationships 
between  environment  and  zooplankton  distribution  in  the  Sound, 
it  was  necessary  to  obtain  a  detailed  analysis  of  the  seasonal  variation 
in  numbers  of  all  the  developmental  stages.  Grandori  (1912)  has 
described  the  copepodid  stages  of  Acartia  clausi  and  Oberg  (1906) 
has  given  the  only  account  of  naupliar  development  within  the  genus. 
Since  the  descriptions  by  these  authors  were  inadequate  to  separate 
the  nauplii  and  younger  copepodid  stages  of  clauei  and  ionea,  it  was 
essential  at  the  beginning  of  this  study  to  find  reliable  specific  char¬ 
acters  that  could  be  employed  for  rapid  identification  of  any  develop¬ 
mental  stage  under  low  magnification. 

Methods.  Several  previous  workers  have  reared  the  younger 
stages  of  marine  copepods  from  eggs  obtained  from  captured  females 
or  from  fresh-caught  plankton  tows.  However,  few  if  any  marine 
calanoid  copepods  have  been  cultured  successfully,  and  our  attempts 
to  establish  laboratory  cultures  of  cla\<<ti  and  tonsa  met  with  similar 
failure.  A  few  copepods  were  maintained  in  the  laboratory  for  as 
long  as  six  weeks,  but  no  molting  was  observed,  and  when  eggs  were 
laid  by  apparently  mature  females,  they  failed  to  develop  as  far  as 
the  first-  naupliar  stage.  Alternatively,  the  developmental  3tages 
were  described  from  preserved  material. 

With  the  aid  of  descriptions  by  Grandori  and  by  Oberg,  nauplii 
and  copepodids  of  each  species  were  sorted  from  the  No.  10  net  plank¬ 
ton  taken  during  a  period  of  the  year  when  only  one  species  of  adult 
was  present.  These  were  grouped  into  the  six  naupliar  and  six  copepo¬ 
did  stapes  and  were  permanently  mounted  in  glycerine  jelly.  Each 
stage  was  examk icy.  Ixr  «  Jfq»-r>wv  and  then  the  same  stages  of  each 
species  were  comp  a  rod  t  o  determine  if  useful  specie  a  differences  existed. 
Finally,  groups  of  younger  stages,  taken  froth  tows  obtained  during 
periods  when  the  two  species  were  likely  to  coexist,  were  examined 
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to  determine  whether  the  specific  characters  observed  could  be  used 
to  separate  the  juveniles, 

Naupliar  Stages.  The  naupliua  of  the  Acariia  is  relatively  un¬ 
specialized  compared  with  nauplii  of  other  ealanoid  genera.  Because 
there  are  so  few  distinct  morphological  characteristics,  distinguishing 
between  the  two  species  might  have  been  difficult.  While  stages 
I  and  II  showed  no  differences  which  could  be  employed  for  low  mag¬ 
nification  counts,  at  least  one  clear-cut  difference  could  be  used  to 
separate  stages  III- VI, 

Stage  I,  less  than  0.1  mm  long,  showed  little  morphological  resem¬ 
blance  to  the  adult  (Figs,  1A,  IB).  However,  rudiments  of  the 
first  antennae  (a),  second  antennae  (b),  and  mandibles  (c)  were 
present.  After  the  first  molt,  the  nauplius  increased  slightly  in  size 
while  the  second  antennae  and  mandibles  acquired  certain  specializa¬ 
tions;  to  a  taxonomist,  the  number  and  character  of  the  short  bristles 
on  the  ventral  posterior  region  might  be  useful  (Figs.  1C,  ID).  In 
stage  III,  the  primordia  of  the  first  maxillae  (d)  had  appeared,  but 
more  important  was  the  single  pair  of  stout  spines  on  the  extreme 
posterior  of  what  is  destined  to  become  the  adult  abdomen;  on  the 
clausi  specimens  (Fig.  IE)  these  spines  were  J'onger  and  stouter  than 
those  on  the  tonsa  nauplii  (Fig.  IF).  By  stage  IV  a  second  pair 
of  stout  spines  had  been  added  ventral  to  the  ilret  pair  (Figs.  10, 
1H).  The  difference  between  the  first  pair  of  spines  in  stage  IV  was, 
if  anything,  more  exaggerated  than  in  stage  III.  In  stage  V  (Figs. 
2A,  2B),  the  rudiments  of  two  additional  thoracic  appendages,  the 
second  maxillae  (e)  and  maxillipeds  (f),  appeared,  while  the  relation¬ 
ship  between  the  posterior  spines  remained  essentially  unchanged. 
In  stages  IV  and  V,  the  difference  in  the  dorsal,  most  p&aierior  pair 
of  spines  was  probably  more  pronounced  in  lateral  view  (Figs.  3A, 
3B,  3C,  3D)  than  in  either  dorsal  or  ventral  views.  In  stage  VI, 
the  first  indication  of  swimming  legs  (g  and  h)  became  apparent, 
and  the  posterior  spines  were  still  distinguishing  characteristics  (Figs. 
2C,  2D,  3E,  3F). 

Although  it  was  not  possible  to  distinguish  between  cl-ausi  and 
tonsa  before  stage  III,  the  inability  to  separate  the  first  two  stages 
did  not  appear  to  be  an  important  handicap  in  the  present  investiga¬ 
tion,  Sverdrup,  et  al.  (1942)  gave  0.158  mm  as  the  average  aperture 
size  for  No.  10  bolting  silk.  The  nets  used  in  this  investigation  were 
not  measured,  but  even  allowing  for  a  certain  diminution  of  the 
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Figure  4,  First  three  copepodld  stages  of  Acartia  claufi  and  A.  toma.  Al,  dorsal  view 
stage  I  cl^usi;  A2,  side  view  stage  I  claurl;  Bl,  dorsal  view  stage  I  toma;  B2,  side  view  stage 
I  toma;  Cl,  dor-tal  view  stage  II  clausi;  C2,  aide  view  stage  II  claurt;  D,  dorsal  view  stage  II 
t oma;  El,  doresl  view  ,tage  III  ciatiri;  E2,  aide  view  stags  III  clausi;  F,  dorsal  view  stage 
in  tons  a. 
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aperture  size  as  a  result  of  clogging,  it  is  extremely  doubtful  that 
stages  I  and  II  were  ever  quantitatively  sampled  with  the  No.  10 
nets.  Whenever  these  first  two  stages  were  observed  in  the  counts, 
they  were  assigned  to  the  species  that  showed  the  greatest  numbers 
of  stages  III  and  IV. 

The  difference  in  spines  in  stages  III— VI  proved  to  be  constant 
and  relatively  easy  to  ascertain  at  normal  counting  magnification 
(36X). 

The  nauplii  described  by  Oberg  for  A.  bifilosa  and  A.  longiremis 
were  very  similar  to  the  A.  clausi  nauplius,  but  since  neither  of  these 
species  has  been  recorded  from  the  Sound,  confusion  from  this  source 
is  unlikely. 

Early  Copepodid  Stages.  The  first  copepodid  stage  of  all  calanoids 
is  a  miniature  of  the  adult,  with  the  exception  that  only  the  first  two 
pairs  of  swimming  legs  are  present.  During  each  succeeding  molt 
an  additional  pair  of  legs  is  added  until  the  final  complement  of  five 
pairs  is  acquired  at  stage  IV.  The  relatively  shorter  urosome  and 
the  low  urosome-cephalothorax  ratio  which  characterize  adult  tonsa 
are  characteristic  of  the  younger  copepodids  of  this  species  as  well 
(Fig.  4);  for  tonsa,  this  ratio  is  about  one  to  five,  but  for  clausi  it  is 
about  one  to  three.  The  caudal  rami  of  stages  I— III  are  nearly 
quadrate  in  tonsa ,  but  in  clausi  they  are  always  somewhat  longer 
than  wide.  Those  characters  proved  to  be  constant  without  in¬ 
tergradations. 

Later  Stages.  Presumably  pelagic  copepods  undergo  six  naupliar 
and  six  copepodid  stages  between  egg  and  adult,  and  in  copepodids 
IV- VI  it  is  possible  to  distinguish  between  the  sexes  (Grandori, 
1912:  plate  10;  figs.  171-176,  205-211).  However,  Grandori  described 
an  extra  copepodid  stage  for  the  male  clausi,  distinguished  from  the 
adult  only  by  differences  in  the  fifth  swimming  leg  (c/.  Grandori,  1912: 
plate  10;  figs.  207-208).  Thus  far  the  existence  of  this  extra  stage 
has  not  been  confirmed.  Probably  it  was  a  recently  molted  stage 
VI  that  was  captured  before  the  exoskeleton  had  become  hardened 
in  the  adult  form. 

In  stages  IV- VI,  it  is  relatively  easy  to  distinguish  between  clausi 
and  tonsa.  In  Long  Island  Sound,  tonsa  is  always  larger  than  clausi 
in  the  later  stages,  and  the  urosome  is  shorter  in  relation  to  the  ceph- 
alothorax.  The  most  lateral  caudal  bristle  on  each  ramus  is  as  heavy’ 
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and  nearly  as  long  as  the  four  middle  ones  in  the  case  of  tonsa,  but 
it  is  definitely  thinner  and  only  about  half  as  long  as  the  others  for 
clausi.  This  difference  is  particularly  useful  for  rapid  identification 
of  the  males.  The  fifth  swimming  legs  of  the  adult  tonsa  female 
are  characterized  by  a  proximal  swelling  of  the  end  segment,  tapering 
to  a  coarse  toothed  central  portion  and  terminating  in  a  thin  spine. 
Tho  fifth  legs  are  symmetrical  and  are  not  as  described  by  Wheeler 
(1901)  and  figured  by  Wilson  (1932),  The  clausi  female  has  a  shorter, 
less  specialized  end  segment  on  the  fifth  leg  (see  Grandori,  1912: 
plate  10;  fig.  211). 

SEASONAL  DISTRIBUTION  OF  A.  CLAUSI  AND 

A.  TOUS A  BASED  ON  PRESERVED  MATERIAL 

Annual  Variation  in  Total  Numbers  of  Young  and  Adults.  As 
mentioned  earlier,  these  two  species  have  a  definite  seasonal  distribu¬ 
tion  in  the  Sound.  Fig.  5  shows  the  distribution  of  all  stages  of  both 
species.  A.  clausi  first  appeared  in  late  November  or  early  December 
1952,  reached  maxima  in  May  of  both  1952  and  1953,  and  disappeared 
in  July  or  early  August.  A.  tonsa  appeared  in  June  each  year,  rose 
rapidly  to  its  midsummer  maximum  in  August,  and  then  decreased 
more  or  less  steadily  throughout  fall  and  winter.  A  small  April 
peak  occurred  in  both  years,  after  which  kmsa  disappeared  for  over 
a  month.  Apparently  this  April  increase  reflected  the  superabun¬ 
dance  of  food  available  to  all  zooplankton  organisms  during  the  spring 
flowering.  The  significance  of  this  rise  followed  by  the  abrupt  disap¬ 
pearance  of  tonsa  will  be  discussed  later. 

Neither  species  was  as  successful  in  1953  as  in  1952.  The  maximum 
number  of  clausi  during  1952  was  102,100/ms  on  May  21,  and  the 
numbers  remained  well  above  50,000  during  the  following  month. 
In  1953,  the  clausi  peak  on  May  18  was  only  61,800,  after  which  the 
numbers  fell  off  in  two  weeks  to  less  than  half  this  figure.  In  1952, 
tonsa  reached  its  peak  of  82,000  on  August  19  and  the  population 
remained  quite  high  until  September  16.  In  1953,  a  maximum  of 
46,000  occurred  on  August  5,  but  one  week  later  the  total  number 
had  fallen  to  only  15,500.  It  is  possible  that  a  higher  count  might 
have  been  recorded  after  August  18,  the  date  when  analyses  were 
terminated.  However,  displacement  volumes  were  measured  through¬ 
out  summer  and  fall  of  1953.  While  displacement  volumes  reveal 
nothing  about  the  abundance  of  a  particular  organism,  it  aeems 
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Figure  6.  Seasonal  distribution  of  «0  stages  of  both  species  plotted  on  log  scale,  No.  10  net 


probable  that  a  late  August  or  early  September  increase  in  tonsa 
would  be  refected  in  higher  volumes  of  total  plankton.  On  the 
contrary,  after  August  18,  volumes  of  plankton  fell  away  sharply 
to  less  than  half  the  August  5  figure  cf  1.53  cc/m3. 

Cell  counts  and  chlorophyll  values  were  lower  in  spring  and  early 
summer  of  1953  than  they  were  during  the  same  period  of  1952, 
perhaps  accounting  for  lower  numbers  of  clauei  in  1953.  On  the 
other  hand,  there  was  more  food  available  in  the  late  summer  of  1953. 
The  major  difference  in  the  biological  environment  of  these  two 
species  for  the  two  years  was  not  so  much  the  amount  of  food  avail¬ 
able  as  the  type  of  food.  There  were  striking  differences  in  the  species 
composition  of  the  phytoplankton  between  the  two  years  (see  S.  M, 
Conover’s  paper,  Phytoplankton,  in  this  volume),  the  quantity  of 
diatoms  and  other  larger  phytoplankton  elements  being  greater  in  1952. 
Experimental  evidence  on  food  preferences,  which  will  be  introduced 
later,  provides  a  possible  explanation  for  the  larger  standing  crop  of 
zooplankton  in  1952, 

Seasonal  Distribution,  of  Adults.  The  sex  ratio  of  adult  eppepoda 
varies  considerably  in  different  species  and  from  season  to  season. 
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Marshall  (1949)  found  that  male  Centropages  hamcUua  and  femora 
longicornis  outnumbered  females  in  Loch  Striven  whereas  females 
of  Pseudocalanus  minntus,  Paracalanus  paring,  Mict'ocalanus  irygmaeus, 
Acartia  dausi,  and  Oithona  similis  were  more  abundant  than  males 
during  at  least  part  of  the  year.  In  that  body  of  water,  dausi  in 
particular  showed  a  marked  seasonal  variation  in  sex  ratio;  during 
winter  the  males  constituted  only  7.7%  of  the  total  adult  population 
of  this  species,  whereas  in  summer  the  males  often  outnumbered  the 
females. 

This  striking  variability  in  sex  ratio  dees  not  necessarily  reflect 
differences  in  actual  numbers  of  the  sexes  produced.  Marshall 
has  shown  that,  for  copepodid  stages  IV  and  V,  the  number  of  males 
and  females  of  the  seven  species  mentioned  above  was  nearly  equal. 
Probably  variation  in  the  proportion  of  males  to  females  is  dependent 
on  differences  in  the  life  span  of  the  adults.  If  the  adult  life  span 
of  one  sex  of  a  certain  special  is  shorter  than  that  of  the  other,  the 
explanation  for  the  phenomenon  may  be  found  in  differential  success 
in  utilizing  the  environment.  In  some  species  of  copepods,  notably 
Euchaeta  norvegica  (Sars,  1903;  Nieholls,  1934),  the  male’s  reduced 
mouth  parts  must  be  a  factor  in  his  longevity.  Marshall,  in  her 
study  of  Loch  Striven,  copepods,  found  an  average  of  less  fond  in 
the  intestines  of  the  males.  In  the  Sound,  males  of  both  eland  and 
tonsa  usually  showed  less  gut  contents  than  females.  Respiration 
and  grazing  experiments  with  tonsa  suggest  that  the  female  is  more 
efficient  than  the  male  under  temperature  conditions  approximating 
the  natural  environment  (20s  C). 

If  we  assume  that  the  males  of  certain  species  are  not  as  efficient 
as  the  females,  then  unfavorable  environmental  conditions  should 
affect  the  males  first.  In  the  Sound,  during  periods  of  low  abundance 
or  decreasing  numbers,  females  of  each  species  were  more  plentiful 
than  the  corresponding  males  (Fig.  6).  In  the  case  of  tonsa,  the  males 
and  females  were  about  equal  in  numbers  on  August  26,  one  week 
after  the  highest  1952  total  was  recorded  for  this  species,  but  during 
the  next  two  weeks  the  number  of  adult  females  increased  while  the 
total  of  all  stages  (see  Fig,  5),  particularly  that  of  the  adult  males, 
declined  (Fig.  0A).  With  regard  to  clauiri,  maxim  uni  numbers  of 
adults  occurred  in  April  1952,  with  males  actually  outnumbering 
females  on  April  21.  Both  sexes  then  decreased  sharply  in  abun¬ 
dance,  but  the  males  declined  in  numbers  even  more  precipitously 
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of’  optimal  conditions  for  clausi  decpite  the  high  total  numbers  in 
May. 

In  1953  the  number  of  male3  did  not  approach  the  level  of  abun¬ 
dance  found  for  females.  Since  the  spring  totals  were  considerably 
lower  in  1953  than  in  1952,  it  is  suggested  that  optimal  conditions 
for  production  of  clausi  were  never  attained  in  1953. 

Distribution  of  Different  Stages  during  Transition  Periods .  Twice 
a  year  in  the  Sound,  once  in  early  summer  and  again  in  early  winter, 
both  species  are  taken  in  the  same  tow  in  more  or  less  equal  numbers. 
The  distribution  of  all  developmental  stages  during  these  important 
transition  periods  was  investigated.  Because  development  of  these 
copepods  is  relatively  rapid  and  since  breeding  is  nonsynchronous, 
it  was  found  necessary  to  lump  together  certain  developmental  stages 
in  order  to  produce  a  clearer  picture.  All  nauplii  were  treated  as  a 
unit  and  the  copepcdids  were  grouped  into  three  units  consisting  of 
stages  I— II— III,  stages  IV- V,  and  stage  VI.  To  minimize  sampling 
errors  due  to  nonrandom  distribution,  the  data  are  presented  as 
percent  of  total  numbers  of  zooplankton  captured.  Figs.  7  and  8 
show  graphically  the  summer  transitions  for  1952  and  1953. 

Despite  certain  minor  discrepancies  in  the  distribution  between 
the  two  years,  it  seems  probable  that  unfavorable  environmental 
conditions  affect  the  younger  developmental  stages  of  clausi  sooner 
than  the  adults.  The  nauplii  were  completely  gone  by  the  end  of 
July,  although  they  persisted  slightly  longer  in  1952  than  in  1953. 
Copopodid  stages  I— II— III  disappeared  in  the  latter  part  of  July 
about  a  week  earlier  than  stages  IV- V.  The  adults,  last  to  disappear, 
were  still  present  in  low  abundance  :'n  August  and  were  taken  later 
in  1953  than  in  1952. 

A.  tonsa  nauplii  first  appeared  in  early  June  of  both  years  while 
the  population  was  atill  dominated  by  clausi;  a  few  tonsa  adults,  the 
initial  breeding  stock,  were  also  found  through  most  of  June.  In 
1953,  copepodid  stages  I— II— III  appeared  in  early  June,  whereas 
in  1952  they  appeared  rather  abruptly  in  July.  Stages  IV-V  rose 
significantly  in  numbers  shortly  after  the  younger  stages  started 
to  increase,  and  by  the  fourth  week  in  July,  the  first  summer  genera¬ 
tion  adults  appeared  in  both  1952  and  1953. 

Breeding  was  certainly  not  spontaneous  and  development  was 
rather  irregular,  but  nonetheless  it  was  possible  to  ascertain  the 
approximate  length  of  time  required  for  the  development  of  the  first 
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generation  of  lonsa.  Since  the  first  major  accumulation  of  nauplii 
found  during  the  week  of  July  1-8  was  followed  by  an  initial  maxi¬ 
mum  of  adults  in  late  July,  it  is  postulated  that  complete  development 
under  the  environmental  conditions  of  the  Sound  took  place  in  three 
to  four  weeks.  The  data  of  Marshall  (1949)  and  Dighy  (1950) 
suggest  four  to  five  weeks  as  the  length  of  a  summer  generation  of 
A.  claim,  in  British  waters,  and  Nicholls  (1933)  reported  28  days 
as  the  maximum  period  of  development  for  the  much  larger  Calanus 
finmorchicus  in  the  Clyde  Sea  area  during  spring,  Considering  that 
Long  Island  Sound  temperatures  during  July  and  August  are  at  least 
5°  C  warmer  than  the  maximum  summer  temperatures  in  British 
waters,  a  three  to  four  week  development  of  tonsa  from  egg  to  adult 
seems  reasonable. 

As  would  be  expected,  the  winter  transition  was  more  gradual 
and  the  data  clearly  suggest  that  conditions  became  unsatisfactory 
for  continuous  development  of  the  younger  stages  of  lonsa  (Figs.  9,  10). 
During  December  and  January,  stages  I-II-III  disappeared  progres¬ 
sively  from  the  plankton,  despite  the  fact  that  a  few  nauplii  were 
produced  throughout  the  winter.  From  November  through  February 
the  total  numbers  of  stages  IV,  V,  and  VI  did  not  change  significantly 
(Fig.  9),  although  a  sharp  increase  in  the  percentage  of  adults  was 
recorded  in  late  December  (Fig.  10).  This  peak  was  unquestionably 
an  artifact  which  resulted  from  the  final  elimination  of  lingering  sum¬ 
mer  populations  of  other  species  before  winter  forms  had  become 
well  established.  Thus,  for  a  short  period  the  percentage  of  the 
more  resistant  lonsa  was  disproportionately  high.  The  relative 
uniformity  in  numbers  of  later  copepodids  indicates  little  recruitment 
from  younger  stages.  In  fact,  there  was  probably  little  molting  at 
any  level. 

During  winter  many  of  the  older  stages  of  lonsa,  even  stages  IV 
and  V,  were  host  to  a  stalked  protozoan,  while  at  other  times  of  the 
year  only  an  occasional  large  and  probably  senile  adult  was  found 
infected.  If  it  is  assumed  that  the  incidence  of  infection  will  increase 
with  the  length  of  time  an  individual  has  been  in  the  water,  this 
observation  lends  further  support  to  the  theory  that  the  lonsa  popu¬ 
lation  is  in  a  steady  state  during  the  cold  months. 

The  behavior  of  either  species  could  not  be  determined  during  the 
spring  flowering,  since  clogging  of  the  No.  10  net  with  phytoplankton 
was  so  great  that  quantitative  sampling  was  impossible.  Comparison 
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poclid  stages  during  the  whiter  traasltkm  plankton  of  n&upHl  and  txrpepodM  stages  dor- 
period,  1653-I&53,  No,  1C  net.  ing  the  winter  transition  period,  1852-1953. 


No,  10  net. 


of  preflowering  and  postflowering  data  showed  higher  numbers  of 
tcnsa  copepodids  and  nauplii  in  the  latter  period. 

The  development  of  the  clausi  population  during  winter  was  gradual 
and  rather  irregular.  The  length  of  the  first  generation  was  un¬ 
doubtedly  longer,  perhaps  twice  as  long  as  the  summer  estimate 
of  three  to  four  weeks  for  tonoa.  Possibly  the  small  but  distinct  rise 
in  naupliar  numbers  in  early  December  produced  some  of  the  dau&i 
adults  that  matured  in  late  January  and  early  February  just  prior 
to  the  spring  flowering.  In  any  case,  the  abundance  of  food  during 
the  flowering  unquestionably  set  off  the  great  breeding  activity 
as  indicated  by  the  nearly  fourfold  increase  in  numbers  of  nauplii 
between  February  24  and  March  2.  In  a  few  weeks  the  entire  popu¬ 
lation  rose  to  the  high  springtime  level  shown  in  Fig.  5. 
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Examination  of  the  gonads  of  mature  females  of  both  species  to 
determine  the  effect  of  environmental  changes  on  the  reproductive 
potential  of  the  breeding  stock  showed  that  there  were  always  some 
females  capable  of  opposition.  The  number  of  eggs  in  the  ovary 
and  ducts  was  not  related  to  the  number  of  nauplii  taken  in  No.  10 
net  hauls.  While  no  attempt  was  made  to  distinguish  between  the 
eggs  of  the  various  species  of  copepods  found  in  the  Sound,  the  num¬ 
ber  of  eggs  of  all  species  relative  to  the  number  of  nauplii  was  greatest' 
in  spring  and  least  in  summer.  The  environment  surely  has  some 
effect  on  the  breeding  cycles  of  adults,  but  its  influence  on  the  eggs 
and  young  may  have  been  greater,  through  control  of  survival  rate 
and  speed  of  development. 

Number  of  Generations.  Digby  (I960)  postulated  at  least  five 
generations  of  A.  clausi  in  the  waters  off  Plymouth,  England.  The 
data  of  Marshall  (1949)  suggest  perhaps  four  generations  of  this 
species  in  Loch  Striven.  While  clausi  is  a  year-round  inhabitant  of 
these  British  waters,  both  authors  found  that  the  last  generation, 
produced  late  in  the  fall,  was  not  very  successful,  so  that  overwintering 
populations  were  small. 

On  this  side  of  the  Atlantic,  in  Tiabury  Great  Pond,  Deevey  (1948) 
found  two  distinct  generations  of  clausi  in  1845  and  1946,  one  of  which 
matured  in  April  and  the  other  in  late  May  and  June,  Especially 
notable  is  the  fact  that  almost  no  tvj  of  this  species  were  observed 
from  late  April  to  late  May.  Deevey  also  noted  four  generations 
of  tonsa  in  1945  and  three  in  1946,  but  it  is  possible  that  a  fourth  brood 
matured  in  the  latter  year  after  September  2,  when  her  survey  was 
terminated. 

The  number  of  generations  of  each  species  of  Acariia  in  the  Sound 
was  estimated  from  the  distribution  of  nauplii  and  adults  (Fig.  11). 
The  data  are  presented  on  a  log  plot  since  this  form  of  presentation 
minimizes  nonsignificant  differences  in  numbers  between  nauplii 
and  adults  and  facilitates  comparison.  The  nauplii  of  each  generation 
are  designated  by  Roman  numerals  and  the  corresponding  adults 
in  Arabic. 

An  estimate  of  four  generations  a  year  was  obtained  using  data 
from  1953  (Fig.  11B)  supplemented  by  the  information  recorded 
from  1952  (Fig.  11A),  Adults  noted  about  December  1,  1952  have 
been  designated  0.  Some  of  the  offspring  (I)  of  this  primary  breeding 
stock  reached  maturity  in  February  and  were  designated  1.  The 


176 


Bulletin  of  the  Bingham  Oceanographic  Collection  [XV 


Figure  11,  Seasonal  distribution  In  percent  of  total  or^misms  of  adults  and  n&uplli, 
A,  clauM  1952;  B,  ciausi  1953;  C,  Umsa  1952-1953,  No.  10  net. 

precise  designation  of  adults  1  is  complicated  by  subsidiary  peaks 
in  December  and  January,  but  a  second  naupliar  peak  II  was  un¬ 
doubtedly  produced  by  these  adults.  Adults  2  matured  in  Aprii 
of  both  1952  and  1953  and  probably  produced  nauplii  III,  although 
a  gap  in  the  1953  data  makes  the  exact  date  of  origin  of  this  generation 
questionable.  Generation  3  adults  matured  slightly  later  and  were 
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probably  more  successful  in  1953  than  in  1952.  Naupliar  peak  IV, 
appearing  in  late  May  and  early  June  of  both  years,  gave  rise  to  adults 
4  which  lingered  into  the  summer.  Considering  the  observations 
of  Digby  (1950)  and  Marshall  (1949),  four  generations  of  clausi  per 
year  in  the  Sound  are  not  unreasonable. 

The  discrepancy  between  Deevey’3  observations  on  clausi  in  Tis- 
bury  Great  Pond  and  ours  in  Long  Island  Sound  is  not  easily  resolved. 
Tisbury  Great  Pond,  by  comparison  with  the  Sound,  is  such  a  small 
body  of  water  and  is  subject  to  such  extreme  variations  in  temperature, 
salinity,  and  probably  other  ecological  factors,  that  unassessed  vari¬ 
ables  may  complicate  the  picture.  As  mentioned  previously,  Deevey 
observed  no  adult  clausi  in  Tisbury  Great  Pond  for  ever  a  month 
during  April  and  May,  whereas  in  the  Sound,  these  same  months 
are  extremely  favorable  for  continuous  development.  According  to 
Deevey's  interpretation,  a  generation  of  clausi  in  Tisbury  Great  Pond 
would  require  eight  to  ten  weeks  for  development  from  egg  to  adult; 
this  would  seem  to  be  an  unusually  long  life  cycle,  particulary  since 
the  temperature  range  of  approximately  12°  to  18°  C  during  this 
period  is  clearly  favorable  for  Sound  clausi. 

As  in  the  case  of  clausi,  there  were  probably  four  generations  of 
tonsa  annually  in  the  Sound,  produced  in  the  period  from  June  through 
March.  In  Fig.  llC,  the  development  of  the  first  two  generations 
is  clear  enough;  however,  on  September  23,  a  secondary  peak  of 
adults  appeared  which  must  have  produced  some  of  nauplii  III. 
Aiter  mid-October,  the  percentage  of  tonsa  in  the  tows  increased 
while  totals  of  all  species  were  decreasing,  suggesting  that  tonsa  was 
more  resistant  to  fall  and  winter  conditions  than  other  summer 
zooplankton  forms.  Iu  any  event,  adult  peak  3  appears  to  be  signifi¬ 
cant.  The  designation  IV  applies  to  low  levels  of  nauplii  produced 
through  the  cooler  months.  Possibly  a  few  of  the  early  IV  nauplii 
matured  so  as  to  produce  an  overwintering  population  which  con¬ 
sisted  of  both  adults  3  and  4. 

Comparing  the  Sound  with  Tisbury  Great  Pond,  it  appears  that 
the  same  number  of  broods  of  tonsa  are  produced,  but  the  periods  of 
occurrence  are  somewhat  different,  probably  due  to  diiTerences  in 
seasonally  controlled  environmental  conditions  resulting  from  the 
size  discrepancy  between  the  two  bodies  of  water. 

Seasonal  Variation  in  Size.  The  literature  on  size  variation  in 
copepods  has  been  reviewed  by  Sewell  (1948),  and  it  will  be  necessary 
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to  mention  only  briefly  here  some  of  the  more  pertinent  work.  Bogo- 
rov  (1934)  noted  that  the  largest,  Calanus  finmarchicus  developed 
in  the  spring  and  he  concluded  that  it  was  the  temperature  at  which 
the  copepod  developed  that  determined  its  size.  On  the  other  hand, 
Dig  by  (1950)  and  Marshall,  et  al,  (1934)  found  that  the  largest  cope- 
pods  developed  during  periods  of  abundant  food.  Difference  in 
the  density  of  the  environment  may  explain  the  large  size  of  the  North 
Sea  population  and  the  smaller  estuarine  populations  of  A.  clausi 
described  by  Gumey  (1931).  Certainly,  the  large  size  of  A.  clauei 
in  the  Adriatic  is  primarily  dependent  on  the  density  of  those  warm 
waters  (Sewell,  1948).  In  Block  Island  Sound,  Deevey  (1952a) 


Figure  12.  Seasonal  variation  In  length  of  adults  as  determined  by  length  of  ceph a! c thorax. 

noted  that  Centropagee  typicus  increased  in  size  during  the  winter 
to  a  maximum  length  in  early  spring.  In  Tisbury  Great  Pond,  she 
observed  that  both  claixsi  and  tonea  of  the  first  generation  were  larger 
than  those  of  subsequent  generations  of  the  same  year  (Deevey,  1948). 

In  our  study,  measurements  were  made  on  the  length  of  each  sex 
and  species  of  Acartia  collected  from  the  Sound  during  an  entire  year 
(Fig.  12).  From  March  to  June  1952,  the  size  of  both  male  and  fe¬ 
male  claiasi  decreased  more  than  0.2  mm,  and  in  early  winter  1953 
a  rather  abrupt  increase  was  noted.  In  the  case  of  tonea,  the  sharp 
decrease  in  length  in  July  was  followed  by  a  gradual  increase  through 
fall  and  winter  to  its  largest  size  in  early  spring,  The  occurrence 
of  the  largest  specimens  of  each  species  was  better  correlated  with 
the  wihter  temperature  minimum  and  consequently  high  density  than 
with  the  spring  phytoplankton  peak. 
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Since  previous  workers  have  delineated  different  broods  on  the 
basis  of  size,  a  similar  procedure  was  followed  for  clausi  and  ionea  of 
Long  Island  Sound.  Referring  to  the  1952  data,  the  decrease  in 
size  of  the  clausi  females,  from  over  0.9  mm  in  late  March  to  0.84  mm 
by  mid-April,  corresponded  to  the  burst  of  adults  designated  2  (Fig. 
11A).  Another  decrease  in  size  corresponded  with  adults  3  appearing 
in  May.  Finally,  the  small  size  of  the  late  June  and  July  individuals 
appeared  to  confirm  a  fourth  generation  of  adults. 

As  for  tonsa,  the  maturation  of  generation  1  about  July  29  (see 
Fig.  1 1 C)  coincided  precisely  with  the  significant  decrease  in  length 
shown  in  Fig.  12.  The  second  brood  of  adults  matured  about  the 
first  week  of  September,  but  no  apparent  change  in  size  occurred 
until  September  23,  when  a  group  of  rather  large  individuals  appeared. 
This  sudden  increase  in  size  corresponded  exactly  with  the  subsidiary 
maximum  ntioned  in  the  previous  section.  Either  our  determina¬ 
tion  of  generation  2,  as  originally  defined,  is  in  error  and  should  be 
disregarded,  or  else  an  extra  generation  developed  just  after  the 
maximum  of  adults  2.  Certainly  two  weeks  would  be  an  exceedingly 
short  development  period,  and,  moreover,  the  peak  of  September  9 
was  greater  in  total  numbers  than  that  of  September  23.  -Posaibly 

O  a  iicllw  o-r>  1  'i  f  i  r\  +  /-\  an  *«1  <rr  an^  lofa  oaafiAno  Tr>  ^  Vi  n  f  f 
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the  early  maximum  might  represent  a  group  which  developed  more 
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ture)  while  the  subsidiary  maximum  might  represent  those  which 
developed  more  slowly  under  offshore  conditions.  Worthy  of  mention 
in  this  regard  was  the  moderate  chlorophyll  peak  observed  in  the 
inshore  waters  about  the  first  week  in  September  and  a  similar  peak 
at  the  offshore  stations  two  weeks  later  on  the  23rd. 

The  third  brood  of  tonea  must  have  matured  over  a  period  of  several 
weeks.  The  gradual  increase  in  size  during  fall  and  early  winter 
suggests  a  slow  but  continuous  recruitment  of  organisms  developing 
under  a  variety  of  temperature  and  food  conditions. 

To  determine  as  precisely  as  possible  the  age  structure  and  behavior 
of  these  different  broods,  a  series  of  frequency  diagrams  for  adult 
females  of  both  species  has  been  prepared  (Fig.  13). 

A  single  brood  should  be  characterized  by  a  histogram  that  closely 
approximates  the  normal  curve,  with  the  majority  of  individuals 
falling  into  rather  narrow  size  limits.  On  March  5,  1952,  the  size 
distribution  for  clausi  was  quite  uniform,  with  the  majority  of  in- 
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dividuals  falling  between  0.91  and  0.95  mm;  these  animals  could 
have  been  remnants  of  generation  1  (see  Fig.  11).  In  the  succeeding 
weeks,  smaller  individuals  appeared  until  on  April  a  reasonably 
homogeneous  group  was  found  with  a  mode  about  0.87  mm.  This 
histogram  probably  represents  adults  of  generation  2.  During  the 
next  few  weeks,  several  size  categories  were  found,  so  that  precise 
delineation  of  generation  3  was  difficult.  On  April  9  a  small  group 
of  animals  (0.82  to  0.84  mm)  appeared  which  could  be  followed  through 
to  May  8,  but  the  histogram  for  May  24  fitted  the  theoretical  criteria 
for  normality  better  and  was  therefore  considered  typical  of  brood  3. 
The  narrow  spread  and  smaller  mean  of  the  histogram  for  July  1 
suggests  that  these  individuals  constituted  a  definite  fourth  brood. 

It  is  also  possible  to  obtain  an  estimate  of  the  length  of  adult  life 
from  these  data.  If  the  few  large  specimens  found  in  mid-April  tows 
are  considered  members  of  brood  1,  which  developed  during  the  winter, 
the  adult  life  of  this  early  spring  generation  must  have  been  a  month 
or  more.  Some  members  of  brood  2  were  still  present  on  May  8, 
approximately  a  month  after  they  first  appeared.  Females  of  genera¬ 
tion  3,  which  were  noted  on  May  24,  in  all  probability  had  nearly 
disappeared  by  July  1,  despite  the  apparent  bimodality  of  the  July 
15  distribution.  Thus  one  month  was  about  the  maximum  life 
span  for  an  adult  female clausi  during  the  spring,  but  undoubtedly 
the  life  span  was  considerably  longer  during  the  winter. 

Referring  to  the  data  on  umea,  a  striking  drop  in  size  was  apparent 
during  the  latter  part  of  July  in  1952;  the  larger  females  taken  on 
the  15th  probably  represented  remnants  of  the  breeding  stock  0, 
whereas  the  smaller  ones  obtained  on  the  29th  represented  generation 
1.  There  was  no  further  change  in  the  size  structure  of  the  population 
until  September  23,  when  the  group  of  large  individuals  of  enigmatic 
origin  appeared  distinct  from  those  found  on  September  9  (brood  2). 
The  platykurtic  nature  of  the  frequency  diagrams  during  the  cooler 
months  of  the  year,  for  clausi  as  well  as  tensa,  lends  confirmation 
to  the  theory  that  breeding  and  development  is  retarded  and  some¬ 
what  erratic  during  the  winter. 

One  other  point  is  suggested  by  the  size  data.  The  adult  tonea 
taken  on  July  15,  1952  were  actually  about  the  same  size  as  those 
observed  the  following  spring,  March  10,  1953,  the  mean  lengths 
being  1.009  mm  with  a  standard  deviation  of  0.0318  and  1.022  mm 
with  a  standard  deviation  of  0,0555.  Although  these  broods  are  not 
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strictly  comparable  since  they  developed  at  opposite  ends  of  the  same 
annual  cycle,  it  is  suggested  that  at  least  some  of  the  adults  measured 
on  July  15,  1952  (see  Fig.  12)  belonged  to  the  same  generation  as 
those  which  were  produced  earlier,  during  the  cooler  months  of  1952. 
Unfortunately  there  were  not  enough  adult  females  in  the  early 
Bprirg  tows  of  1952  to  make  statistical  confirmation  of  this  theory 
possible. 

On  the  basis  of  1952-1953  measurements,  summer  and  winter 
clausi  were  clearly  different  broods,  but  no  measurements  were  ob¬ 
tained  of  the  first  claim  which  appeared  in  the  fall  of  1952.  In  1953, 
measurements  of  random  samples  taken  on  July  22  and  November  11 
indicate  that  some  spring  clausi  might  have  survived  until  fall.  While 
the  mean  lengths  of  these  two  samplings,  0.732  and  0.701  mm,  were 
significantly  different  statistically,  a  frequency  diagram  for  the 
November  date  suggests  that  more  than  one  brood  was  represented; 
at  least  half  of  the  measurements  fell  within  the  size  limits  of  the 
July  sample  and  the  rest  were  definitely  larger. 

If  a  population  is  to  survive  unfavorable  seasonal  conditions, 
some  means  of  maintaining  a  breeding  stock  must  exist.  In  marine 
copepods  there  is  no  direct  evidence  for  “resting"  eggs  as  in  some 
freshwater  forms.  While  immigration  from  other  regions  is  a  possible 
means  of  supplying  a  breeding  stock,  in  this  case  it  seems  unlikely. 
The  pattern  of  circulation  for  the  Sc  ■and  is  such  that  botl-Giu  water 
enters  from  Block  Island  Sound  and  moves  west  at  an  average  speed 
of  only  half  a  kilometer  per  day.  Moreover,  Deevey  (1952a,  1952b) 
found  Acartia  spp.  a  minor  element  in  Block  Island  Sound,  and  tonsa 
often  appeared  in  Long  Island  Sound  first.  Possibly  clausi  and  tonsa 
never  disappear  completely  from  the  water  column  but  merely  become 
scarce  enough  to  remain  unnoticed;  however,  the  breeding  stock 
always  appeared  suddenly  and  in  considerable  quantity.  Or  possibly 
a  few  organisms  survived  unfavorable  conditions  in  low  abundance 
in  some  unsampled  area.  In  this  regard,  it  is  worth  mentioning  that 
Howard  Sanders  (personal  communication)  found  clausi  in  a  good 
state  of  preservation  in  bottom  samples  collected  on  June  30,  1953, 
a  date  when  tonsa  was  increasing  in  numbers  and  clausi  was  decreasing 
(see  Fig.  5). 
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COMPARATIVE  PHYSIOLOGY 

Thu*.  far,  differences  in  seasonal  distribution  have  been  emphasized, 
and  generalizations  have  been  made  concerning  the  relationships 
of  the  organisms  to  seasonally  determined  variables  such  as  tempera¬ 
ture  and  food.  In  the  following  sections,  the  effect  of  certain  eco¬ 
logical  factors  is  investigated,  usually  under  controlled  laboratory 
conditions,  in  order  to  learn  more  about  the  mechanism  of  environ¬ 
mental  control  over  the  eopepods. 

At  least  five  oceanographic  parameters  which  might  affect  a  marine 
animal  show  marked  seasonal  variation  in  Long  Island  Sound,  namely, 
dissolved  oxygen,  salinity,  light,  temperature,  and  the  amount  of 
phytoplankton,  but  the  first  two  probably  have  little  influence  on 
the  local  zooplankton  fauna.  Marshall,  et  al.  (1935)  found  that 
respiration  in  Calanus  finmarchicus  was  independent  of  oxygen  con¬ 
centration  above  3  ml,/l.  Although  no  experiments  have  been  per¬ 
formed  to  test  the  effect  of  oxygen  concentration  on  Sound  eopepods, 
there  is  no  evidence  that  variation  in  oxygen  concentration  within 
the  range  observed  in  nature  affects  their  metabolism.  In  the  Sound, 
the  waters  just  above  bottom  may  fall  below  3  ml/1  in  late  summer, 
but  through  most  of  the  water  column  oxygen  concentrations  remained 
well  above  50%  saturation.  Nor  should  seasonal  changes  in  salinity 
have  a  noticeable  effect  on  clausi  and  tonsa.  Both  are  extremely 
eury haline  eopepods.  Davis  (1944)  found  tonsa  in  Chesapeake  Bay 
waters  that  varied  in  chlorinity  from  0.4  to  nearly  19^;  Sewell  (1948) 
gave  Q-36%0  as  the  salinity  range  for  clausi.  Marshall,  et  al.  (1935) 
noted  that,  respiratory  rates  of  C.  finmarchicus  remained  unchanged 
with  a  20%  dilution  of  sea  water.  If  the  relatively  stenohaline  C. 
finmarchicus  could  withstand  a  20%  dilution  of  its  environment 
over  the  course  of  a  few  days  without  any  obvious  change  in  metabo¬ 
lism,  certainly  the  euryhaline  clausi  and  tonsa  should  not  be  eeriously 
affected  by  a  6-8%  dilution  of  Long  Island  Sound  over  a  period  of 
several  months.  On  several  occasions,  Deevey  (1948)  noted  a  sudden 
decrease  in  the  numbers  of  tonsa  accompanying  a  sharp  rise  in  salinity 
when  Tisbury  Great  Pond  was  opened  to  the  sea.  However,  her 
evidence  did  not  indicate  whetner  the  population  was  actually  harmed 
by  the  increased  salt  content  or  simply  diluted  by  the  outside  water. 
In  any  event,  the  minor  seasonal  fluctuations  in  the  Sound  are  con¬ 
sidered  a  doubtful  determinant  of  the  behavior  of  clausi  and  tonsa. 
For  these  reasons,  major  attention  has  been  devoted  to  study  of  the 
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effect  of  light,  temperature,  and  kind  and  abundance  of  food.  Most 
of  the  experiments  were  designed  to  compare  the  effects  of  the  dif¬ 
ferent  variables  on  the  two  species. 

Light  Responses 

A.  tonsa  and  A.  clausi,  like  many  other  zooplankters,  undergo 
diurnal  migration  in  the  sea.  This  behavior  has  been  duplicated 
in  the  laboratory  with  natural  and  artificial  illumination  (Schallek, 
1942).  A  preliminary  experiment  was  performed  on  October  10, 
1952  to  see  whether  Sound  tonsa  behaved  as  predicted.  Two  kjye 
graduated  cylinders  filled  with  sea  water  were  placed  in  a  window  and 
shielded  from  direct  sunlight.  Some  tonsa  were  added  to  each  cylinder, 
and  the  one  designated  B  was  hooded  to  keep  out  the  light.  Counts 
were  made  at  four  levels  in  the  cylinders  at  approximately  three  hour 
intervals  for  an  entire  day.  The  results  are  presented  in  Table  I. 

TABLE  X.  Vebtica x  Disratutmos  or  AcarHa  lonsa  in  Rsm-osbe  to  Vamattok 
at  Alton  kt  or  Natvhal  Li  oh? 

Number  of  animals  a t  each  level  at  different  times  of  day 
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The  copepoda  in  the  dark  cylinder  (B)  maintained  a  relatively 
unchanged  distribution,  with  greatest  concentrating  in  the  upper 
layers.  No  innate  rhythm  of  migration  in  the  absence  of  light  was 
observed.  In  cylinder  (A),  exposed  to  daily  changes  in  light,  the 
greatest  numbers  were  noted  in  the  surface  layers  between  1800  and 
0300,  the  hours  of  darkness.  At  1500  there  were  some  animals  in 
the  upper  layers;  perhaps  due  to  shorter  day  length  at  this  time  of 
year,  there  was  sufficient  diminution  of  light  to  start  some  organisms 
on  their  upward  migrations.  Twelve  animals  were  still  lingering 
in  the  surface  waters  by  0900  the  next-  morning,  but  the  majority  had 
descended  to  the  bottom.  Organisms  directly  on  the  bottom  could 
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not  be  counted;  hence  bottom  counts  were  made  on  only  those  or¬ 
ganisms  swimming  in  the  bottom  one  inch  of  water. 

Although  copepods  remain  in  deeper  water  during  the  day,  some 
species,  including  clausi  and  tonsa,  are  attracted  to  direct  light.  When 
light  has  directionality,  it  strikes  only  one  region  of  the  photoreceptor 
and  the  copepod  swims  towards  the  source,  But  if  the  light  is  made 
diffuse,  as  by  passing  through  a  quantity  of  water,  it  strikes  the 
photoreceptor  from  several  directions  simultaneously;  under  these 
conditions  the  animal  ceases  to  swim  and  sinks  to  the  bottom  of  a 
vessel  or  to  some  threshold  level  in  the  sea  (Schallek,  1942), 

Effect  of  Temperature  on  Light  Responses.  Because  seasonal  tem¬ 
perature  changes  appear  to  play  an  important  r61e  in  the  control 
of  Acartia  populations,  an  experiment  was  designed  to  compare  light 
reactions  of  both  clausi  and  lonsa  at  different  temperatures.  Four 
2000  ml  graduated  cylinders  were  filled  with  sea  water  to  the  two 
liter  mark.  Fifty  clausi.  were  added  to  two  of  these  cylinders  and 
fifty  tonsa  to  the  other  two.  One  cylinder  containing  clausi  and  one 
tonsa  were  placed  at  15°  C;  similar  tubes  were  placed  at  4°  C;  all 
tubes  were  allowed  to  equilibrate  several  hours  in  darkness.  Obser¬ 
vations  were  made  as  follows:  after  five  minutes  of  direct  overhead 
illumination;  after  five  minutes  of  diffuse  illumination  following  two 
hours  for  re-equilibration;  and  after  a  two  hour  period  of  darkness. 
Diffuse  light  was  produced  by  placing  several  thicknesses  of  rice 
paper  over  the  cylinder;  although  no  single  point  of  illumination  was 
present,  the  light  intensity  was  not  uniform  from  all  directions. 
Distribution  was  ascertained  by  rapid  counts  of  the  organisms  ob¬ 
served  in  200  ml  of  water  at  four  levels  in  each  cylinder;  the  general 
abundance  in  the  intervening  regions  was  also  noted. 

Comparison  of  the  results  showed  no  essential  difference  in  the 
responses  of  clausi  and  tonsa  to  direct  light  at  15°  (Fig.  14).  On 
the  other  hand,  at  4°  less  than  half  as  many  tonsa  were  attracted  to 
the  light  while  the  response  of  clausi  was  about  the  same  as  at  15°  C. 
Examination  of  the  4s  cylinder  containing  tonsa  showed  that  many 
were  dead  or  dormant  on  the  bottom,  but  when  the  tube  was  warmed 
to  15°,  a  normal  response  to  direct  light  could  be  elicited. 

Diffuse  light  at  15°  appeared  to  provoke  a  different  response  from 
each  species.  When  the  light  was  turned  on,  most  of  the  clausi  ceased 
to  swim  and,  with  head  up  and  antennae  out-spread,  sank  toward  the 
bottom.  A  few  aberrant  animals  started  to  sink  but  then  swam 
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upward  for  a  short  time,  thus  remaining  more  or  less  in  one  region. 
Although  some  tonsa  started  to  sink  immediately,  a  large  percentage 
swam  upward  toward  the  area  of  most  intense  illumination.  At 
4°  most  individuals  of  both  species  underwent  the  sinking  reaction 
under  the  influence  of  diffuse  light. 

In  darkness  at  15°,  both  species  tended  to  congregate  in  the  upper 
waters  as  the’  die'  in  the  experiment  discussed  previously  (see  Table 
I).  Again  at  4°,  the  tonsa  response  was  much  weaker;  few  animals 
apparently  made  an  upward  migration  in  the  dark.  Thus  tempera¬ 
tures  approaching  winter  levels  in  Long  Island  Sound  might  produce 
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Figure  14.  Vertical  distribution  under  laboratory  conditions  In  response  to  direct  light, 
dlffuffi  light,  and  complete  darkness  at  two  different  tempera twea. 
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in  the  two  species  different  reaction  to  light  and,  consequently,  dif¬ 
ferent  vertical  distribution. 

Vertical  Distribution  in  the  Sound.  On  the  basis  of  this  and  other 
experiments  in  which  temperature  was  a  factor,  a  study  was  made 
of  the  vertical  distribution  of  the  copepods  throughout  the  year, 
paying  particular  attention  to  the  distribution  in  relation  to  the 
thermocline  when  present.  Periodic  tows  with  the  Clarke-Bumpus 
sampler  and  No.  2  bolting  silk  nets  were  made  at  two  depths,  one  in 
the  upper  five  meters,  which  was  intended  to  sample  the  water  above 
the  thermocline,  and  the  other  near  the  bottom.  In  conjunction 
with  these  tows,  a  bathythermograph  trace  was  usually  obtained 
to  establish  the  temperature  distribution  within  the  water  column. 

Before  comparison  of  the  vertical  distribution  of  animals  and  tem¬ 
perature  could  be  made,  the  depth  of  the  tow  had  to  be  ascertained. 
The  approximate  depth  at  which  the  plankton  sampler  was  operating 
was  estimated  from  the  amount  of  towing  wire  and  the  wire  angle, 
using  a  correction  for  curvature  of  the  wire.  The  correction  was 
derived  from  statistical  examination  of  cases  in  which  the  weight 
on  the  end  of  the  wire  dragged  bottom  at  known  depths, 

The  results  of  these  tows,  taken  at  intervals  from  April  1953  through 
July  1954,  have  been  plotted  in  Fig.  lor  The  histograms  represent 
the  percentage  of  adults  and  copepodids  of  each  species  in  the  total 
plankton.  The  base  of  each  histogram  indicates  the  temperature 
at  which  the  sample  was  taken.  The  histograms  are  arranged  so 
that  surface  tows  run  toward  the  top  of  the  illustration  and  the  deep 
tows  'toward  the  bottom  »  The  heavy  horizontal  line  approximates 
the  position  of  the  thermocline  during  the  spring  and  summer  mouths. 
Actually,  this  figure  represents  the  top  of  the  thermocline.  The 
bathythermograph  record  was  read  at  intervals  of  2.5  m;  when  the 
depth  interval  showing  the  greatest  gradient  was  located,  the  higher 
temperature  was  used,  as  the  thermocline  temperature. 

In  the  spring  of  1953  the  greater  percentage  of  adult  clausi  remained 
in  the  cooler  waters  beneath  the  thermocline  during  the  day.  On  the 
basis  of  actual  numbers  per  cubic  meter  the  difference  in  concentration 
between  surface  and  deeper  waters  was  even  more  exaggerated. 
Night  tows  in  the  early  spring  indicated  no  restriction  of  vertical 
migration  by  the  thermocline,  but  in  June  there  were  fewer  adult 
animals  in  surface  waters  at  night,  suggesting  that  the  thermocline 
serves  as  a  kind  of  barrier  when  the  surface  waters  have  warmed  to 
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some  critical  level  (161  to  18°  C).  Throughout  this  period  the  de¬ 
velopmental  stages  of  clausi  remained  more  abundant  in  surface 
waters  both  day  and  night.  By  July  the  adults  as  well  as  the  copepo- 
dids  were  more  frequently  observed  in  the  upper  waters  regardless 
of  the  time  of  day.  Perhaps  when  the  bottom  waters  become  warmed 
beyond  a  certain  point,  they  no  longer  serve  as  a  refuge  for  claim.  At 
this  stage  in  the  seasonal  cycle,  the  marked  decline  in  total  numbers  of 
clausi  began  and  the  younger  stages  particularly  became  scarce  in  the 
plankton  (see  Fig.  5). 

In  the  summer  of  1953,  the  daytime  surface  tows  almost  always 
contained  more  tonsa  than  deep  tows,  A.  tonsa  has  been  seen  actually 
struggling  against  the  surface  film  on  a  bright  day  when  there  waa  no 
wave  action  (Shirley  Conover  and  Howard  Sanders,  personal  com¬ 
munication).  Though  light  from  the  sky  would  normally  be  scattered 
by  wave  action,  it  is  possible  that  the  rays  of  the  sun  are  sufficiently 
direct  on  a  calm  day  to  cause  a  phototactic  response.  Moreover, 
in  the  laboratory,  tonsa  responded  to  differences  in  light  intensity 
even  though  the  light  was  not  directional  (see  Fig.  14).  ThuB,  if  the 
summer  sun  is  fairly  bright  and  the  water  surface  relatively  smooth, 
significant  numbers  of  tonsa  might  collect  in  the  surface  waters  during 
the  day. 

From  miu-September  to  mid- December  the  water  column  was 
subject  to  more  or  less  complete  mixing  and  the  percent  distribution 
of  both  species  was  about  the  same.  Cold  spells  in  December  and 
January  lowered  the  water  temperature  to  below  4°  C,  whore  it 
remained  for  over  two  months.  During  this  time,  the  number  of 
tonsa  decreased  gradually  while  clausi  became  increasingly  important 
in  the  plankton.  The  most  interesting  feature  of  the  cold  water 
samples  was  the  greater  concentration  of  tonsa  in  deep  water.  Al¬ 
though  no  information  on  the  nocturnal  behavior  of  these  species 
waa  obtained  during  this  period,  the  laboratory  behavior  of  tonsa 
(see  Fig.  14)  was  in  complete  agreement  with  the  winter  field  observa¬ 
tions. 

Data  collected  during  the  spring  and  early  summer  of  1954  proved 
to  contradict  somewhat  the  results  obtained  during  this  period  in 
the  previous  year.  On  March  30  tows  were  taken  in  the  evening 
and  at  night,  and  on  March  31  during  daylight.  The  highest  per¬ 
centages  of  claim i  adults  were  found  in  surface  waters  at  dusk  and  in 
bottom  waters  during  the  day;  however,  the  number  of  adults  in  the 
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surface  sample  at  night  was  low,  perhaps  due  to  the  meteorological  con¬ 
ditions  at  the  time.  The  average  wind  speed  on  these  dates  at  New 
Haven  was  over  10  mph,  with  gusts  over  20  mph,  and  it  is  probable  that 
the  wind  speed  at  sea  was  even  greater.  Under  such  conditions  there 
may  have  been  sufficient  instability  in  the  water  column  to  disturb 
the  normal  plankton  distribution.  Moreover,  the  night  tow  of  March 
30  was  taken  during  a  severe  snow  squall;  Schouteden  (after  Cushing, 
1951)  found  that  sudden  rain  or  hail  drove  Crustacea  to  lower  levels 
at  night. 

Subsequent  observations  might  also  be  explained  by  weather  con¬ 
ditions.  Rather  high  numbers  of  claim  were  taken  at  the  surface 
in  daytime  on  April  27  when  moderately  strong  easterly  winds  were 
recorded.  In  the  Sound,  a  sizable  swell  develops  with  an  easterly 
wind,  and  since  the  thennocline  was  not  particularly  strong  at  this 
time,  considerable  mixing  of  surface  and  deeper  waters  may  be  as¬ 
sumed. 

Comparison  of  the  hydrographic  data  for  the  spring  and  summer 
of  1953  and  1954  showed  a  higher  degree  of  stability  in  the  former 
year.  In  1953,  a  reasonably  strong  thennocline  existed,  frequently 
extending  down  10  m  cr  more  at  the  deep  stations;  the  temperature 
difference  between  surface  and  hot  cum  iu  spring  and  early  summer 
averaged  about  3°  C  and  was  often  considerably  greater.  In  1954, 
the  vertical  temperature  difference  resulted  principally  from  short 
term  surface  warming  in  the  upper  2-3  m  and  a  sharp  thennocline  was 
infrequently  observed.  The  BT  trace  often  showed  several  steps 
between  surface  and  bottom.  On  May  10  and  July  22,  so-called 
surface  tows  appeared  to  be  below  the  thennocline,  although  they 
were  taken  at  5  and  4  m  respectively.  On  both  dates,  the  vertical 
temperature  gradient  was  small  and  principally  in  the  upper  surface 
layer.  If  stability  conditions  comparable  to  the  previous  year  had 
existed,  these  tows  would  have  sampled  the  warmer  epithalassa. 

Though  the  evidence  is  inconclusive,  the  vertical  distribution  of 
claus-i  at  least  appears  to  be  affected  by  the  degree  of  stability  of  the 
water  mass  and  the  presence  of  a  thennocline. 

Response  of  A.  clausi  to  an  Experimental  Thermocline.  To  supple¬ 
ment  field  observations,  an  experiment  was  designed  to  study  the 
effect  of  an  experimental  thermocline  on  clausi.  Four  two  liter 
graduates  were  filled  with  sea  water  and  60  claim  were  added  to  each. 
Two  graduates,  designated  1  and  2  in  later  discussion,  were  partially 
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submerged  in  a  constant  temperature  bath  of  about  13u  C,  with 
the  upper  half  exposed  to  room  temperature  (18-20°).  Within  a  few 
hours,  examination  of  the  temperature  distribution  in  these  cylinders 
showed  that  a  definite  thennocline  had  developed.  The  other  cyl¬ 
inders,  3  and  4,  were  completely  exposed  to  constant  tempera¬ 
ture  equal  to  about  that  of  the  bath  (13°).  Cylinders  2  and  4 
were  hooded  to  keep  out  the  light  while  1  and  3  were  exposed  to 
periods  of  night  and  day.  Distribution  was  checked  in  the  manner 
mentioned  previously  (p.  185),  and  the  temperature  at  each  level 
was  recorded  after  each  count.  The  histograms  in  Figs.  16A  and  163 
represent  observations  at  about  0100  and  1100  respectively.  Histo¬ 
grams  I  and  II  represent  the  distributions  observed  in  cylinder  1, 
with  thermocline  and  natural  light  conditions;  III  and  IV,  results 
from  cylinder  2,  with  thermocline  and  constant  darkness;  V  and 
VI,  results  from  cylinder  3,  with  uniform  temperature  and  natural 
light;  VII  and  VIII,  results  from  cylinder  4,  with  uniform  temperature 
and  constant  darkness.  The  vertical  row  containing  histograms 
I,  HI,  V  and  VII  gives  the  distributions  before  illumination,  and 
similarly  II,  IV,  VI  and  VIII  give  the  results  after  five  minutes  of 
exposure  to  direct  overhead  light.  Thus  each  horizontal  row  contains 
observations  on  a  single  cylinder  and  each  vertical  row  indicates 
identical  observations  on  each  of  tho  four  graduates.  The  small 


graphs  in  the  middle  give  the  temperature  distribution  in  each 


mmvi 


at  the  time  of  observation. 


The  animals  kept  at  uniform  temperatures  in  cylinders  3  and  4 
behaved  aa  expected  (see  Fig.  14,  Table  I);  at  night  or  in  darkness, 
they  gathered  in  the  upper  waters,  and  they  demonstrated  a  strong 
phototactic  response  to  direct  light  at  any  time  of  day.  However, 
in  cylinders  1  and  2,  which  contained  the  artificial  thormoclinc,  few 
animals  were  found  in  the  upper  water  under  any  conditions.  Even 
direct  illumination  did  not  induce  the  eopepods  to  cross  the  thenno¬ 
cline,  but  instead  most  of  them  congregated  near  the  middle  of  the 
cylinder  right  at  the  thermocline. 

Obviously  the  experimental  thermocline  used  here  has  been  greatly 
compressed;  that  is,  a  vertical  temperature  difference  that  normally 
extends  throughout  a  column  of  water  15-20  m  deep  has  been  pro¬ 
duced  in  a  graduated  cylinder  only  15  inches  deep.  Thus  the  observed 
response  of  the  organisms  is  probably  greatly  exaggerated.  None¬ 
theless,  this  experiment  seems  to  indicate  that  a  strong  vertical 
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stratification  might  closet  one  or  more  species  into  a  separate  com¬ 
partment  within  what  is  often  considered  a  homogeneous  environment. 

It  is  clear  that  the  thermocline  per  se  does  not  present  an  invisible 
barrier  through  which  no  animal  can  penetrate.  Moreover,  different 
planktonic  organisms  have  widely  different  ranges  of  temperature 
tolerance.  Cushing  (1951)  summarized  the  probable  situation 
adequately  in  stating:  “It  is  a  possibility  that  a  homogeneous  group 
of  animals  (stage,  sex  or  brood  of  a  species)  has  a  temperature  range, 
beyond  the  extremes  of  which  the  animal  does  not  appear;  a  thermo¬ 
cline  near  the  limits  of  this  range  will  be  obviously  more  effective  in 
modifying  migration  than  one  in  the  center  of  the  range.”  The 
behavior  of  clau-si  would  seem  to  be  in  agreement  with  this  interpre¬ 
tation.  When  temperature  above  the  thermocline  remains  below 
15-16°  C,  at  least  some  animals  can  cross  it,  but  there  is  evidence 
that  diurnal  migration  is  restricted  by  a  thermocline  as  the  tempera¬ 
ture  of  the  surface  water  rises.  Under  these  conditions,  clauei  be¬ 
comes  partially  isolated  from  a  section  of  its  environment. 
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Response  to  Colored  Light.  Lumer  (1932)  noted  that  four  species 
of  Cladccera  snored  a  higher  degree  of  stimulation  by  red-orange 
light  than  by  any  other  color.  More  recently,  Smith  and  Baylor 
(1953)  found  that  Daphnia  swam  toward  or  parallel  to  a  beam  of 
red  light  but  ewam  perpendicular  to  or  down  from  a  beam  of  green 
or  blue  light.  These  authors  also  found  that  Daphnia ,  when  cooled, 
lost  their  response  to  blue  light  and  swam  only  the  red  "dance,”  with 
the  principal  vector  in  the  vertical;  however,  by  increasing  the  light 
intensity  Smith  and  Baylor  could  cause  downward  swimming  again. 
Experiments  on  both  species  of  Acarlia  with  various  monochromatic 
filters  under  different  temperature  conditions  showed  that  their 
response  to  visible  light  was  essentially  the  same  at  either  end  of  the 
spectrum.  The  result,  therefore,  was  negative. 

The  principal  difficulty  with  light  experiments  on  these  two  species 
has  been  the  lack  of  any  criteria  for  orientation  other  than  by  at¬ 
traction  or  movement  toward  light.  Spooner  (1934)  noted  that 
Acarlia  clausi  was  phototactic  but  that  its  movement  toward  light 
was  completely  unoriented.  Our  observations  also  indicate  little 
orientation  of  the  body  to  light,  but  the  movement  toward  light  was 
usually  zig-zag,  with  a  constant  angle  to  the  beam  of  light.  Both 
species  were  attracted  in  the  same  manner  to  each  of  the  different 
filters  regardless  of  temperature,  but  the  degree  of  attraction  of 
tonsa  was  several  times  greater  (i.e..  more  animals  appeared  at  tho 
light)  at  16°  than  at  4°  C.  In  an  earlier  experiment,  the  apparent 
sluggishness  of  ior^sa  at  low  temperatures  was  demonstrated;  however, 
this  experiment  suggests  that  such  behavior  resulted  from  a  narcotiza¬ 
tion  of  the  organism  rather  than  from  an  actual  physiological  change 
brought  about  by  lowfer  temperature. 

Oxygen  Consumption  by  clausi  and  tonsa 

If  temperature  affects  activity,  as  indicated  by  preceding  experi¬ 
ments,  then  some  measureabie  indicator  of  physiological  activity, 
such  as  oxygen  consumption,  may  be  affected  also.  However,  finding 
a  suitable  method  for  respiratory  measurement  has  presented  a 
problem,  Although  some  extremely  sensitive  monometric  equip¬ 
ment  has  been  developed  in  recent  years,  in  almost  every  case  in¬ 
creased  sensitivity  has  been  attained  by  reduction  of  the  volume  of 
the  apparatus.  To  be  sure,  a  copepod  is  a  small  creature  and  does 
not  use  much  oxygen,  but  it  is  an  extremely  active  one.  Zeuthen 


194  Bulletin  of  the  Bingham  Oceanographic  CollecHo-n  [XV 

(1947),  using  the  Cartesian  Diver  for  respiratory  measurements  with 
Centropagea  hamatua,  found  a  steady  decline  in  oxygen  utilization 
accompanied  by  a  visible  decrease  in  activity  over  a  10-12  hour 
period.  Marshall,  et  al.  (1935)  used  the  Winkler  method  for  similar 
studies  on  Calanus  finmarchicus ,  and  when  the  data  for  both  experi¬ 
ments  were  converted  to  comparable  units,  Zeuthen’s  results  were 
approximately  25%  lower  than  those  of  Marshall  and  co-workers. 
Since  Zeuthen  used  a  smaller  animal  of  a  different  species,  differences 
in  oxygen  utilization  might  be  expected.  It  is  also  possible  that 
the  oxygen  bottle  method  caused  more  initial  disturbance  than  the 
"diver,”  but  present  investigations  indicate  that  healthy  copepods 
do  not  become  less  active  with  time.  In  Zeuthen’s  experiment, 
C.  hamatua  was  confined  to  a  volume  of  water  only  a  few  times  greater 
than  its  own  volume;  perhaps  his  values  should  be  considered  with 
reservation  since  they  were  obtained  under  such  highly  unnatural 
conditions. 

Methods.  Two  means  of  measuring  oxygen  consumption  have 
been  employed  here.  Some  measurements  were  made  with  the 
Warburg  constant  volume  type  respirometer,  but  this  equipment 
had  two  major  disadvantages:  it  was  possible  to  run  respiration 
studies  at  only  one  temperature  at  a  time;  and  an  inconvenient  amount 
of  material  was  required  to  obtain  significant  results,  even  wnth  the 
5  ml  flask*.  Hence  this  technique  was  used  only  as  a  check  on  the 
second  method.  More  satisfactory  results  were  obtained  with  a 
modification  of  the  water  bottle  method  employed  by  Marshall, 
et  al.  (1935)  and  later  by  Riley  and  Gorgy  (1648).  Glass-stopperod 
bottles  of  approximately  35  ml  volume  were  filled  with  sea  water, 
and  to  these  were  added  50  clauai  or  Umsa.  Berkefeld  filtered  sea 
water  of  known  oxygen  content  was  then  added  to  the  bottles  by 
flushing  three  times,  using  a  siphon  arrangement;  a  bolting  silk  screen 
over  the  outflow  siphon  prevented  escape  of  the  animals.  By  means 
of  neutral  dyes,  it  was  found  that  the  rate  of  flow  through  the  experi¬ 
mental  bottle  could  be  adjusted  to  give  complete  flushing  with  about 
100  ml  of  water.  Controls  were  prepared  in  exactly  the  same  manner 
except  that  no  copepods  were  added.  Both  experimental  and  control 
bottles  were  then  immersed  in  constant  temperature  baths  from  4  to 
12  hours,  depending  on  the  temperature.  Simultaneous  measurements 
of  oxygen  utilrtarion  at  several  temperatures  were  obtained  by  the 
use  of  different  constant  temperature  baths  which  were  simply  large 
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wash  tubs  fitted  with  compressed  air  stirrers  and  thermoreguiatorg. 
All  baths  were  kept  in  a  constant  temperature  room  at  about  4  to 
5°  C,  and  therefore  they  could  be  adjusted  to  any  higher  temperature. 
The  temperatures  employed  were  usually  b,  10,  15,  20,  and  sometimes 
25°.  At  the  end  of  each  experiment,  the  oxygen  content  of  the 
experimental  and  control  bottles  was  measured  by  the  Winkler 
method,  modified  for  use  with  the  35  ml  volume;  the  oxygen  consump¬ 
tion  by  the  copepods  was  obtained  from  the  difference  between  the 
two.  Winkler  titrations  were  made  with  a  self-filling  10  ml  burette 
graduated  in  fiftieths  of  a  milliliter.  By  dividing  drops,  as  little  as 
0.01  ml  of  thiosulfate  could  be  added  at  a  time. 

Although  the  titrations  were  carried  nut  with  great  care,  certain 
undetermined  sources  of  error  were  introduced.  Thompson  and 
Robinson  (1939)  found  that  the  loss  of  volatile  iodine  could  be  signifi¬ 
cant  when  small  volumes  were  titrated.  As  a  check  on  the  accuracy 
of  our  analytical  procedure,  20  replicate  samples  of  sea  water  were 
prepared  and  titrated  in  the  usual  manner.  One  series  gave  a  mean 
titer  of  5.8185  ml/1  oxygen  unconnected  with  a  standard  deviation  of 
0.02439,  while  a  second  series  gave  5.7895  and  0.01792  respectively. 
Using  the  second  series,  a  difference  of  0.36  ml  oxygen  per  bottle 
between  experimental  and  control  bottles  would  limit  the  error  to 
10%  in  68  experiments  out  of  100.  Although  a  titer  difference  of 
1.08  ml  oxygen  nor  bottle  would  practically  insure  an  error  of  10% 
or  less,  it  was  impossible  to  assure  a  difference  of  over  1.00,  particularly 
at  low  temperatures,  without  making  the  experimental  technique 
unpractically  tedious.  However,  a  titer  difference  of  0.36  ml  per 
bottle  was  usually  obtained;  in  the  comparative  experiments,  analytical 
errors  were  probably  systematic. 

The  copepods  used  in  these  experiments  were  obtained  with  a 
coarse  tow  net  on  the  day  preceding  the  experiment.  They  were 
diluted  several  times  in  the  laboratory  with  raw  sea  water  and  then 
placed  at.  a  constant  temperature  of  4  or  13°  C  depending  on  the 
season.  Unless  the  animals  were  to  be  kept  longer  than  overnight, 
they  were  not  fed.  Animals  of  the  desired  sex  and  species  were 
isolated  from  the  diluted  samples  with  the  low  power  of  a  dissecting 
microscope  and  placed  directly  in  the  experimental  bottle.  After 
the  experiment,  the  Winkler  reagents  were  added  directly  to  the 
containers  before  the  animals  were  removed.  Care  was  taken  to 
avoid  the  loss  of  animals  during  the  addition  of  Winkler  reagents 


196  Bulletin  of  the  Bingham  Oceanographic  Collection  [XV 

or  in  titration.  The  animals  were  then  counted  and  the  length 
of  the  ceph&lothorax  was  measured  with  an  ocular  micrometer. 
Although  there  was  some  shrinkage  with  this  Winkler  "preservation/' 
the  error  was  less  than  3%. 

After  the  experiment  was  set  up,  a  portion  of  each  tow  was  pre¬ 
served  in  formalin  for  later  analysis  of  size  and  weight.  For  dry 
weight  determinations,  a  thousand  copepods,  usually  of  one  sex  and 
species,  were  sorted  from  the  preserved  tows  with  the  aid  of  a  dis¬ 
secting  microscope.  A  random  sample  of  50  was  measured  with  an 
ocular  micrometer  before  desiccation  so  that  a  correction  could  be 
applied  in  the  event  that  those  used  for  respiratory  experiments 
differed  in  3ize  from  those  weighed.  Since  both  weighed  and  ex¬ 
perimental  animals  usually  came  from  the  same  tow,  such  differences 
were  not  great.  Once  isolated  and  measured,  the  copepods  were 
removed  to  a  fine-pore  filtering  crucible  which  served  as  a  weighing 
container.  After  several  washings  with  distilled  water  to  remove 
the  soluble  contaminants,  the  animals  were  dried  in  air  at  about  80°  C 
overnight,  or  until  constant  weight  was  obtained.  Before  weighing, 
the  crucibles  were  allowed  to  cool  in  a  calcium  sulphate  desiccator  of 
standard  design. 

Pilot  Experiments.  Before  comparative  studies  of  these  two 
species  were  begun,  several  pilot,  experiments  were  run  to  establish 
a  reasonable  experimental  procedure.  There  was  no  essential  differ¬ 
ence  in  oxygen  consumption  when  the  same  number  of  copepods  was 
placed  in  bottles  of  different  sizes,  nor  was  there  a  difference  in  the 
respiration  of  different  numbers  of  copepods  in  bottles  of  the  same 
volume.  When  the  water  bottle  method  was  checked  against  the 
Warburg  procedure,  fair  agreement  was  obtained. 

in  order  to  determine  if  oxygen  was  used  by  the  copepods  at  a 
constant  rate,  replicate  experimental  and  control  bottles  were  pre¬ 
pared  and  placed  simultaneously  in  a  constant  temperature  bath. 
Oxygen  determinations  were  then  made  after  different  time  intervals. 
When  bottles  were  removed  at  four  hour  intervals  (Fig.  17A),  clausi 
appeared  to  have  an  initially  higher  oxygen  consumption  which 
leveled  off  to  a  constant  rate  after  12  hours.  When  the  time  interval 
between  oxygen  determinations  was  shortened  to  two  hours,  the 
leveling  off  occurred  much  earlier  (Fig.  17B).  In  this  case,  the 
observations  suggest  that  the  initially  high  period  of  oxygen  uptake 
was  followed  by  a  short  recuperation  period  in  which  oxygen  utiliza- 
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tion  was  less  than  "normal.”  A  similar  experiment  with  tonsa  gave 
high  initial  oxygen  consumption  rates  with  a  level  period  between 
6  and  16  hours;  after  16  hours  the  rate  of  oxygen  uptake  decreased 
again. 

Because  bacteria  could  not  be  eliminated  as  a  possible  source  of 
error  in  respiratory  experiments,  comparison  of  the  growth  rate3 
of  bacteria  in  experimental  and  control  vessels  was  made.  Below 
15*  C  no  'iigniScant  bacterial  growth  occurred  over  the  normal  ex¬ 
perimental  period,  but  at  higher  temperatures  results  were  somewhat 
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Figure  17.  Oxygen  consumption  of  eUrasi  at  15*  C  plotted  against  tlrr.iv  a  (top),  Bottles 
remove*!  at  four  hoar  Intervals;  B  (bottom),  Bottiaa  removed  at  two  hour  Intervals. 

variable.  However,  an  error  greater  than  10%  occurred  only  once. 
In  these  experiments,  it  was  necessary  to  assume  that  the  growth 
of  those  suspended  bacteria  which  can  multiply  on  the  sea  water 
agar  provided  an  index  to  the  growth  of  all  bacteria  in  the  bottle. 
If  this  assumption  is  correct,  bacterial  respiration  would  seem  to 
be  of  minor  importance  under  the  conditions  employed  in  these 
experiments,  and  even  if  this  assumption  is  not  correct,  errors  due  to 
bacterial  respiration  should  cancel  out  in  the  comparative  studies. 

Effect  of  Light  on  Respiration.  Marshall,  et  al.  (1935)  found  that 
the  oxygen  consumption  of  Calanus  finmarckicus  increased  up  to 
50%  when  exposed  to  natural  light,  but  when  the  copepods  were 
placed  in  bottles  suspended  in  the  sea,  this  stimulatory  effect  was  not 
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present  below  0.5  m.  Artificial  light  had  no  effect  on  respiration. 
In  the  Sargasso  Sea,  Riley  and  Gorgy  (1943}  found  that  respiration 
of  zooplankton  in  light  bottles  was  16%  higher  than  that  of  similar 
specimens  in  dark  bottles.  Klugh  (1929,  1930)  has  shown  that  the 
ultraviolet  component  of  daylight  is  harmful  to  a  number  of  marine 
animals.  It  is  probable  that  the  high  respiratory  rate  observed  for 
animals  exposed  to  natural  light  represents  an  injury  response. 

Several  experiments  were  run  to  determine  if  artificial  light  affected 
the  respiratory  physiology  of  clausi  and  tonsa.  Light  was  provided 


Figure  18.  Oxygen  consumption  of  icnua  in  the  light  and  in  the  dark  pkiited  against 
temperature. 

by  a  single  20  watt  fluorescent  tube,  shielded  by  a  parabolic  reflector 
and  suspended  about  16  to  18  inches  above  the  experimental  vessels. 
In  one  experiment  with  tonsa,  ran  at  five  different  temperatures, 
only  at  25°  C  were  both  light  bottle  values  higher  than  the  dark  ones 
(Fig.  18).  At  the  beginning  and  end  of  this  experiment,  aliquots 
were  taken  for  determination  of  bacterial  numbers.  When  the 
bacterial  respiration  component  was  deducted,  the  values  for  the 
light  bottles  were  not  different  from  the  dark  bottle  values.  In 
another  experiment,  designed  expressly  to  test  the  effect  of  light  on 
clausi,  3ix  replications  were  run  in  the  dark  and  six  in  the  light  at 
15°  C.  The  mean  respiratory  rates  were  0,0390  g\  per  copepod  and 
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hour  in  the  light  and  0,0368  *,1  in  the  dark.  The  difference  between 
the  means  was  not  statistically  significant. 

No  experiments  were  performed  with  direct  or  diffuse  sunlight. 
Klugh  (1930)  found  that  claim  was  more  resistant  to  ultraviolet 
radiation  than  Calanus  finmarchicus.  Since  ultraviolet  radiation 
would  be  quickly  absorbed  by  the  surface  waters  of  Long  Island  Sound, 
the  light  conditions  at  a  few  feet  below  the  surface  are  probably 
similar  to  the  artificial  conditions  used  in  our  experiments.  There¬ 
fore,  any  lethal  effect  of  light  on  the  two  species  of  Acartia  must  be 
of  minor  importance. 

Effect  of  Temperature  cm  Respiration.  It  has  long  been  recognized 
that  an  increase  in  temperature  will  speed  up  a  biological  as  well  as  a 
chemical  reaction,  but  the  basic  lews  of  temperature  coefficients, 
such  as  Berthelot’s  exponential  formula  and  the  Yan’t  Hoff-Arrhenius 
law,  designed  to  predict  the  behavior  of  chemical  reactions,  do  not 
apply  in  many  biological  cases  (BJlehrddek,  1930).  Nevertheless, 
the  simplified  version  of  Van't  Hoff's  law, 

[Kt  4-  10)/#,  «  Q,0  =  2  to  3,  (1) 

has  had  many  biological  applications.  However,  respiration  data 
need  not  be  referred  to  some  coefficient  of  temperature  such  as  Qld 
to  be  useful  to  the  ecologist. 

Schoi&nder,  el  at.  (1953)  used  the  term  "MT  curve"  to  describe 
oxygen  uptake  at  a  graded  series  of  temperatures.  Such  data  have 
been  used  previously  to  describe  seasonal  or  climatic  adaptation  of 
cold-blooded  animals.  Webs  (1935a,  1935b)  found  that  Fundulus 
parvipinnis  adjusted  its  metabolism  to  different  environmental  con¬ 
ditions.  Fox  and  Wingfield  (1937)  compared  two  species  of  prawns 
from  Swedish  and  British  waters  and  found  the  respiratory  curve  of 
Pandalus  ntordagui  displaced  upward  in  the  colder  environment. 
Arctic  lamellibranchs  had  approximately  the  same  respiratory  rate 
at  5°  C  which  was  shown  by  Mediterranean  forms  at  15°  C  (Sp&rck, 
1936),  Essentially  the  same  son  of  climatic  adaptation  was  recorded 
by  Thorson  (1936)  for  different  generic  pairs  of  bivalve  moilusks 
in  arctic  and  warmer  waters.  Scholander,  ct  al.  (1953),  comparing 
the  respiratory  metabolism  of  poikilothermic  animals  from  Point 
Barrow,  Alaska  and  Barro  Colorado,  Canal  Zone,  found  adaptation 
in  aquatic  forms  such  as  fish  and  Crustacea. 
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F^ire  19.  Respiratory  rates  on  two  different  dates,  one  la  summer  and  one  in  -winter, 
plotted  against  temperature.  A,  Oxygen  consumption  in  jJ  per  oopepod  and  hour;  B, 
Qrrgsn  consumption  in  J  per  m s  dry  weight  and  hour. 


Since  the  two  species  of  Acartia  in  Long  Island  Sound  have  different 
seasonal  and  regional  distributions,  variations  in  oxygen  consumption 
rates  with  temperature  might  prove  useful  to  establish  their  environ¬ 
mental  relationships.  The  amount  of  oxygen  used  in  p\  per  copepod 
can  be  plotted  directly  with  temperature  (Fig.  19A),  but  since  there  is 
a  significant  difference  in  size  between  clauei  and  temea,  a  better 
comparison  is  obtained  by  converting  oxygen  values  to  common 
units  (Fig.  19B).  Milligrams  dry  weight  was  chosen  because  it  was 
relatively  easy  to  measure  accurately  and  because  it  produced  less 
distortion  of  the  curves  than  any  other  measurement  of  volume  or 
mass  tried. 

It  is  apparent  in  Figs.  19A  and  19B  that  oxygen  consumption 
was  not  necessarily  related  to  temperature  by  a  straight  line,  par¬ 
ticularly  in  the  case  of  clauei.  Experiments  from  other  times  of  the 
year  indicated  that  the  tonea  curve  was  nearly  always  linear  while 
the  clauei  curve  often  showed  an  increasing  Qi0  between  15  and  20°  C. 
This  latter  feature  was  more  marked  during  the  cooler  mouths  of  the 
year  than  during  the  summer  although  Fig.  19  might  appear  to  indicate 
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otherwise.  However,  the  clausi  curves  for  July  1954  did  not  show  a 
significant  trend  towards  nonlinearity.  The  significant  decrease  in 
respiratory  rate  of  clausi  on  July  22,  1953  between  20  and  25s  C  was 
almost  certainly  an  injury  response,  suggesting  that  25°  is  near  the 
lethal  temperature  for  this  species, 

Previously,  Marshall,  et  til.  (1935)  and  Clarke  and  Bonnet  (1939) 
had  found  that  the  respiratory  curves  of  different  stages  of  Calanus 
finmarchicus  were  nonlinear.  Gauld  and  Raymont  (1953)  measured 
the  increase  in  respiratory  rate  with  temperature  for  Tt-mora  longi- 
comis,  Acartia  clausi ,  and  Centropages  hamatus.  Temora  showed  a 
distinct  nonlinearity,  with  the  respiratory  rates  nearly  doubling 
between  10  and  20°  C.  Their  curve  for  clausi  was  similar  to  those 
shown  in  Fig.  19,  but  it  was  displaced  upward.  The  English  Channel 
clausi  appeared  larger  than  those  used  in  our  experiments,  but  no 
correction  for  weight  could  be  made  for  comparative  purposes.  The 
curve  for  C.  hamalus,  though  based  on  incomplete  data,  resembled 
that  given  in  Fig.  19  for  ionsa;  respiration  appeared  to  increase  linearly 
with  temperature,  although  their  curve  for  Centropages  showed  some 
tendency  toward  a  decreasing  Qio  around  20°. 

The  curves  for  the  two  species  of  Acartia  also  appear  to  be  different 
in  character.  If  each  curve  is  extended  to  the  left  (Fig.  lflAl.  the 
clausi  curve  would  intersect  the  ordinate  considerably  above  zero 
while  the  ionsa  piot  would  pass  near  or  through  the  origin,  At  iow 
temperatures,  the  respiratory  rate  for  clausi  was  actually  higher 
than  that  for  tons'-  (Fig.  19B). 

Zeuthen  (1947)  has  pointed  out  that,  at  least  under  uniform  con¬ 
ditions,  the  respiratory  rate  is  a  reflection  of  the  anim&rs  activity. 
Earlier  experiments  and  observations  on  light  responses  showed 
that  tonsa  was  definitely  sluggish  at  low  temperatures;  the  respiratory 
measurements  confirm  a  low  level  of  activity  for  tonsa  when  the 
temperature  is  low.  In  theory,  the  flat  respiratory-temperature 
curve  for  clausi  would  indicate  a  considerable  degree  of  eurythermy; 
that  is,  an  increase  or  decrease  in  temperature  over  a  considerable 
range  would  not  seriously  alter  the  metabolism  of  the  animal.  On 
the  other  hand,  the  curve  for  tonsa  indicates  a  more  stenothermal 
animal;  tonsa  cannot  exert  an  appreciable  degree  of  control  over  its 
body  metabolism  independent  of  temperature. 

Seasonal  Adaptation.  Marshall,  et  al.  (1935)  found  that  oxygen 
utilization  could  vary  as  much  as  0.2  ml  per  1000  animals  per  hour 


202 


Bulletin  of  the  Bingham  Oceanographic  Collection 


[XV 


in  Calanus  finmarchicua.  There  appeared  to  be  no  relation  to  size, 
and  they  found  no  difference  between  winter  and  summer  popula¬ 
tions.  However,  when  comparison  of  winter  and  summer  populations 
of  stage  V  Cala  mus  was  made  on  a  weight  basis,  the  winter  population 
had  a  higher  oxygen  uptake  at  a  given  temperature  than  the  heavier 
summer  population  (Riley,  et  at,  1949). 

Since  both  species  of  Acartia  inhabit  such  a  wide  range  of  tempera¬ 
tures,  seasonal  adaptation  in  their  respiratory  metabolism  might 
be  expected.  July  22  and  January  6  (Fig.  19)  represent  the  approx¬ 
imate  temperature  extremes  at  which  the  two  species  coexist.  While 
the  curves  for  ionea  on  these  two  dates  ■were  similar,  the  slope  of  the 
January  curve  for  clausi  was  probably  significantly  greater  than  that 
observed  in  July.  Additional  winter  experiments  confirmed  this 
relationship  although  the  data  might  suggest  that  by  the  end  of  winter 
the  few  ionsa  remaining  had  made  slight  physiological  adjustments 
so  that  their  respiratory  curve,  if  continued  toward  the  left,  would 
no  longer  pass  through  zero. 

These  two  species  appear  somewhat  similar  in  their  relative  en¬ 
vironmental  relationships  to  the  common  sand  crab  Emerila  talpoida 
and  the  beach  flea  Talorchestiu  megalopthalma  studied  by  Edwards 
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during  the  cold  months  and  could  readily  adjust  its  metabolism  to 
different  temperature  conditions;  similar  to  tonsa,  the  beach  flea, 
which  hibernates  in  winter,  could  make  no  such  alteration. 

Further  evidence  of  physiological  adaptation  by  clausi  was  illus¬ 
trated  in  heat  tolerance  experiments.  Animals  kept  at  25°  C  on 
May  22,  1953  were  largely  moribund  at  the  end  of  four  hours;  two 
months  later  the  copepods  still  appeared  active  and  healthy  after 
eight  hours  at  the  same  temperature  even  though  the  oxygen  uptake 
values  indicated  that  some  injury  may  have  occurred  (Fig.  19). 


Oxygen  Consumption  and  Reproduction,  During  the  summer  of 
1953  a  progressive  decrease  in  the  respiration  rate  of  tonaa  was  noted 
that  could  not.  be  explained  merely  on  the  basis  of  decreasing  size. 
When  the  oxygen  consumption  data  from  four  experiments  during 
July  and  August  were  converted  to  y\  per  milligram  dry  weight  of 
copepods  and  a  regression  line  was  fitted  to  the  points  obtained,  a 
progressive  drop  in  slope  from  0.59  on  July  22  to  0.50  on  August  19 
was  revealed  (Fig.  20).  Ahb.rugh  transformation  displaced  the  curve 
for  July  29  somewhat  higher  than  the  remaining  three,  the  slope 
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Figure  SO.  Regret*  line?  for  osygsn  conTOrapt-nn.  o?  lonsa  tsmperature  on  four 
different  dates  daring  gammer  1953. 

was  between  the  0.59  recorded  for  July  22  and  the  0.53  value  for 
August  5. 

Since  the  first  experiment  on  July  22  was  run  during  the  period 
of  most  rapid  growth  of  the  lonsa  population,  the  plankton  tows 
during  this  period  were  examined  to  determine  the  relationship, 
if  any,  between  breeding  activity  and  respiration.  An  index 
was  obtained  by  dividing  the  number  of  nauplii  per  cubic  meter  by 
the  number  of  adult  females  which  could  have  produced  them.  When 
this  was  done  for  the  particular  station  from  w’hich  the  experimental 
animals  were  taken,  the  following  index  values  were  recorded;  July 
22  (slope  =  0.59),  index  48.0;  July  29  (slope  =  0,55),  index  5.8; 
August  5  (slope  =  0.53),  index  3.8;  August  11  (no  respiration  ex¬ 
periment),  index  2.0;  and  August  19  (slope  =  0.50),  index  1.0. 

It  may  be  argued  with  good  reason  that  the  variation  in  oxygen 
uptake  recorded  for  clausi  and  lonsa  had  nothing  to  do  with  repro¬ 
duction  but  simply  reflected  a  depression  or  acceleration  of  metabolism 
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brought  about  by  a  combination  of  environmental  factor?.  However, 
since  so  little  is  known  about  copepod  physiology,  probably  the  best 
indicator  of  the  degree  of  favorableness  of  the  environment  is  the 
ability  to  reproduce.  Under  such  circumstances,  it  becomes  exceed¬ 
ingly  difficult  to  separate  the  cause  and  effect. 

Sexual  Differences  in  Oxygen  Consumption.  Marshall,  et  al.  (1935) 
observed  that  male  C alarms  jinmarchicus  usually  had  higher  respiratory 
rates  than  the  females.  In  our  experiments,  the  oxygen  consumption 
in  u\  per  copepod  and  hour  for  female  tonsa  was  somewhat  higher 
than  that  recorded  for  males,  but  because  of  the  size  difference  be¬ 
tween  the  sexes  in  this  species,  this  was  not  unexpected.  Conversion 
of  the  data  to  ptl/mg  dry  weight  indicated  that  the  rates  probably 
were  not  significantly  different.  No  experiments  were  run  with 
clausi. 

Effect  of  Laboratory  Conditions.  Laboratory  studies  by  Marshall, 
et  al.  (1935)  have  indicated  that  the  respiratory  rate  of  Calanus 
Jinmarchicus  was  initially  much  higher  than  that  observed  a  few 
hours  later.  After  35  hours  the  rate  had  become  constant  and  re¬ 
mained  so  for  at  least  another  36  hours.  Some  of  their  animals  were 
fed  phytoplankton  and  others  were  kept  in  filtered  sea  water.  Since 
there  was  r.o  difference  in  respiratory  metabolism  between  fed  and 
nonfed  specimens,  these  authors  concluded  that  starvation  was  not 
the  cause  of  the  initial  decline. 

Two  explanations  have  been  put  forward  to  account  for  this  be¬ 
havior.  Keys  (1930)  found  that  several  hours  were  required  before 
the  metabolism  of  certain  fish  became  "normal”  once  they  had  been 
placed  in  the  respiratory  chamber.  He  believed  that  this  length  of 
time  was  necessary  for  recovery  from  the  disturbance  of  setting  up 
the  experiment.  In  some  of  our  own  experiments  (see  Fig.  17), 
the  initial  respiratory  rates  were  relatively  higher  than  those  obtained 
over  a  longer  period.  Certainly  the  process  of  capture  and  dilution 
must  be  disturbing  to  the  organisms,  but  neither  Key’s  fish  nor  our 
copepods  required  3G  hours  for  complete  "recovery.”  Furthermore, 
if  this  initially  high  respiration  wa-s  the  result  of  capture  and  handling, 
it  should  be  possible  to  "re-excite”  the  animals  after  they  have  been 
"conditioned”;  however,  this  cannot  be  done.  On  the  other  hand, 
it  seems  possible  that  confining  an  actively  swimming  animal  such  as 
Calanus  to  small  experimental  vessels  in  the  laboratory  may  have  a 


19.56]  Conover.'  VI,  Biology  of  Acartia  clausi  and  A.  tonsa 


205 


depressing  effect  on  its  metabolism.  In  our  attempts  to  culture 
Acartia  species,  we  found  that  most  of  the  organisms  died  within 
a  week’s  time,  leaving  a  few  hardier  individuals  to  survive  up  to  a 
month  or  more.  Bacterial  growth  also  becomes  a  problem  in  limited 
containers.  At  any  rate,  if  “normal”  respiratory  rates  attained 
after  “conditioning”  in  the  laboratory  were  really  normal,  the  copepods 
should  behave  as  they  do  in  nature,  that  is,  breed  and  maintain  them¬ 
selves  in  persistent  culture. 

On  several  occasions,  the  same  collections  of  tonsa  and  clausi  had 
to  be  used  for  more  than  one  day’s  experimentation.  Even  though 
the  animals  were  fed,  their  behavior  on  the  second  day  was  erratic 
and  was  frequently  different  from  that  observed  the  day  before. 
Consequently,  it  seemed  desirable  to  determine  more  about  their 
behavior  under  laboratory  conditions. 

Samples  taken  from  the  Sound  were  diluted  and  placed  in  replicate 
containers  (two  quart  mason  jars)  previously  seasoned  in  sea  water. 
The  specimens  in  some  of  the  mason  jars  received  an  aliquot  of  Skele- 
tonema  costatum  sufficient  to  provide  a  cell  concentration  of  about 
16  million  cells/1  while  those  in  the  remaining  jars  were  unfed.  S. 
costatum  is  the  dominant  plankton  diatom  in  the  Sound  during  a 
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that  it  is  an  important  food  source  for  both  species  of  Acartia  for  at 
least  part  of  the  year.  Raymont  and  Gross  (1941)  found  it  suitable 
as  a  culture  food  for  Calanus  finmarchicus.  The  high  concentration 
of  S.  costatum  was  deemed  necessary  since  the  copepods  were  con¬ 
siderably  more  concentrated  in  these  jars  than  they  would  have  been 
in  nature. 


After  an  overnight  recuperation  period,  the  respiratory  rates  at 
15°  C  of  both  fed  and  unfed  copepods  were  measured  every  24  hours 
for  six  days  (Fig.  21).  During  the  first  two  days  of  the  experiment, 
clausi  outnumbered  tonsa  in  the  vessels  to  such  an  extent  that  it  was 
not  practical  to  run  comparative  experiments,  but  by  the  third,  day, 
sufficient  clausi  had  been  removed  so  that  tonsa  could  be  isolated. 
The  clausi  curve  shows  clearly  that  a  sharp  drop  in  oxygen  utilization 
occurred  between  the  first  and  second  days  in  both  fed  and  nonfed 
samples.  By  the  third  day.  unlike  the  results  of  Marshall,  et  al., 
a  significant  difference  between  the  fed  and  starved  animals  was 
evident,  Following  the  initial  decrease  (which  probably’  occurred 
for  tonsa  as  well  as  clausi),  the  copepods  fed  S.  costatum  maintained  an 
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essentially  uniform  respiratory  rate,  while  those  that  went  hungry 
showed  a  progressively  declining  rate.  The  last  observation  for  starved 
ton sa  was  not  completely  consistent  with  the  other  observations; 
by  this  time  so  few  animals  remained  that  only  one  replication  was 
possible.  Daily  examination  of  the  gut  contents  showed  that,  through¬ 
out  the  six  days  of  the  experiment,  the  guts  of  the  fed  animals  were 
clearly  packed  with  green  cell  remains  while  those  of  tho  starved 
copepods  were  quite  colorless. 


Figure  21.  CompoiVam  erf  respirator;  r&tes  of  betb  species  at  15°  O  Then  starred  and 
when  fed  Skeletcmerr^a  ccrtatuvi. 

To  be  sure,  this  experiment  does  not  prove  that  all  of  the  respiratory 
discrepancies  noted  in  the  literature  result  from  the  inadequacies 
of  the  laboratory.  However,  the  evidence  does  suggest  that  the 
further  removed  an  animal  is  from  its  natural  environment  the  less 
likely  it  will  be  to  exhibit  behavior  characteristic  of  that  environment. 

Relationship  between  Copepods  and  Available  Food 

The  biological  as  well  as  the  physical  environment  must  be  important 
in  governing  copopod  distribution.  Qualitative  studies  by  Lebour 
(1922)  have  indicated  that  different  species  of  marine  copepods  have 
quite  different  eating  habits.  Harvey  (1937)  showed  that  Caianus 
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finmarchicus  selected  the  larger  diatom  Ditylum  brightwellii  in  prefer¬ 
ence  to  the  smaller  Lauderia  borealis.  According  to  Fuller  (1937), 
Calanus  finmarchicus  could  not  capture  enough  Nitzschia  closterium 
to  meet  its  food  requirements,  but  Gauld  (1951)  obtained  quite  high 
grazing  ratts  when  a  species  of  Chlamydomonas  only  slightly  larger 
than  Nitzschia  was  used  as  a  food  source.  Aside  from  the  study  by 
Riley,  et  al.  (1949).  no  truly  quantitative  work  has  been  under¬ 
taken  to  determine  the  inter-relationships  of  the  zooplankton  and 
its  food  supply.  Therefore  a  series  of  experiments  was  initiated  to 
determine  how  the  biological  environment  might  affect  the  distribu¬ 
tion  of  ctausi  and  lonsa  and  how  the  physical  factors  might  affect  their 
ability  to  survive  in  this  environment. 

Methods.  In  the  sea,  nonmotile  phytoplankton  such  as  the  diatoms 
are  maintained  in  the  upper  waters  principally  by  vertical  turbulence, 
but  in  the  laboratory,  phytoplankton  quickly  settle  to  the  bottom 
of  a  vessel  unless  some  type  of  artificial  turbulence  is  supplied.  In 
previous  grazing  experiments,  conventional  stirring  or  shaking  tech¬ 
niques  injured  the  animals  or  at  least  inhibited  their  activity.  Figs. 
22,  23,  and  24  illustrate  the  structural  details  of  the  apparatus  used 
in  our  experiments.  The  same  constant  temperature  baths  used 


Figure  22,  Grazing  apparatus,  end  view,  P,  -  2"  pulley.  Pi  «•  10"  pulley,  Pi  »2J4" 
pulley,  RB  <=  P,!ng  bolt  for  attachment  to  OYS"head  Rip, port,  SF  ™  Supporting  frame. 
SH  »  Strap  hinge,  SLB  =  Steel  L  beam.  S3  ■»  Brass  bearing  line  shaft  hanger.  V  *»  H" 
V  belt,  W  Wheel.  WB  =  Water  bath,  W3  -  Wheel  support. 
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for  the  respiration  experiments  were  also  used  for  the  grazing  studies 
(Figs.  22,  23).  Five  “wheels”  were  so  suspended  from  an  overhead 
frame  that  they  could  be  rotated  entirely  beneath  the  surface  of  each 
water  bath.  Power  from  a  friction  drive  Warburg  shaker  motor  was 
supplied  by  a  system  of  pulleys  which  connected  the  power  source 
to  a  main  shaft  and  thence  to  each  wheel  (Fig.  22).  Pulley  diameters 
were  selected  so  that  each  wheel  made  about  eight  revolutions  per 
minute.  Each  wheel  was  constructed  so  that  eight  experimental 


Figure  23.  Grazing  apparatus,  top  view,  EM  =  Electric  motor.  Si  -  H"  Hr-e  shaft. 
Si  -  H"  brass  shaft. 


vessels  could  be  rigidly  attached  near  its  periphery  (Fig.  24).  Thus, 
when  the  wheel  was  turning  the  direction  of  fall  of  a  suspended  particle 
in  response  to  gravity  was  continually  changing  with  respect  to  a 
fixed  point  on  the  outside  of  the  vessel. 

In  setting  up  the  experiments,  a  known  concentration  of  phyto¬ 
plankton,  usually  Skeletonema  costatum,  was  added  to  several  35  ml 
glass  stoppered  bottles;  part  of  the  bottles  received  from  25  to  50 
copepods  and  the  remainder  served  as  controls.  Both  experimental 
and  control  bottles  we^e  then  attached  to  the  wheels  m  the  water 
baths.  At  the  end  of  a  run,  the  entire  contents  of  each  bottle  were 
preserved  in  formalin,  allowed  to  settle  and  concentrated  by  decanting. 
Counts  were  made  with  a  Sedgewick-  Rafter  counting  chamber  and 
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Figure  21  Grazing  apparatus,  detail  of  wheel  and  support.  BH  -  Brass  cuphooka. 
BS  -  W  brass  shaft.  EB  =  Experimental  bottle.  EC  -  Hole;  experimental  bottle  Inserted 
here,  HB  -  Hardwood  bearing.  LSO  -  7«ina  shaft  collar,  W  -  Wheel,  \i"  marine  ply¬ 
wood.  WNT  -  Wing  nut,  WS  -  Wheel  support,  pine, 


a  Spencer  microscope  equipped  with  a  10  mm  apochromatic  objective 
and  15x  compensating  oculars.  The  amount  of  water  filtered  by 
the  copepods  was  determined  from  the  difference  in  cell  counts  be¬ 
tween  experimental  bottles  and  controls,  using  the  equation 
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F  =  v  (In  Co  -  In  C,)/t,  (2) 

modified  from  Gauld  (1951),  where  F  is  the  amount  of  water  swept 
free  of  food  in  time  t,  v  the  volume  of  water  per  animal  in  the  experi¬ 
mental  bottle,  and  Ct  and  Cc  the  experimental  and  control  cell  con¬ 
centrations  respectively. 

The  error  in  Sedgewick-Rafter  counts  was  assessed  as  follows. 
As  &  general  working  criterion,  at  least  100  organisms  were  counted; 
with  this  standard,  it  was  found  that  30  random  fields  in  linear  tran¬ 
sects,  one  parallel  to  the  long  dimension  of  the  cell  and  two  others 
perpendicular  to  the  first,  gave  the  smallest  standard  error.  An  effort 
was  made  to  concentrate  the  original  sample  so  that  at  least  100  organ¬ 
isms  -were  observed  in  30  fields,  but  when  this  was  not  possible, 
additional  ten-field  transects  were  counted  until  100  organisms  were 
found.  On  one  occasion  the  standard  error  of  log  difference  was  com¬ 
puted  for  a  series  of  10  replicate  counts,  the  log  difference  being  1.1408 
with  a  standard  deviation  of  0.0966.  With  these  data  it  was  calculated 
that  an  error  of  8.47%  or  less  occurred  68%  of  the  time  and  that 
the  error  was  less  than  25%  in  99%  of  the  counts.  Thus,  if  experi¬ 
ments  were  designed  to  give  a  log  difference  of  over  1.0,  the  order  of 
magnitude  of  the  error  would  be  in  good  agreement  with  that  previ¬ 
ously  obtained  for  the  respiratory  experiments. 

Effect  of  Cell  Concentrations  on  Gracing.  Gauld  (1951)  has  shown 
that  the  grazing  rat-e  of  three  different  copepods  was  independent 
of  cell  concentrations  over  a  range  of  an  order  of  magnitude,  In 
our  study,  no  extensive  analysis  of  cell  concentration  and  grazing 
rates  was  made  except  to  establish  criteria  for  experimental  prodecure. 
When  experiments  covering  a  range  of  cell  concentrations  of  two  orders 
of  magnitude  were  performed  on  clauei  and  tansa,  a  lower  grazing 
rate  was  obtained  at  the  highest  phytoplankton  concentration.  This 
concentration,  about  the  midrange  for  Gauld’s  experiments,  was  only 
slightly  greater  than  the  spring  flowering  peak  in  Long  Island  Sound. 
Much  of  the  previous  work  was  done  with  higher  cell  concentrations 
than  those  normally  found  in  nature;  however,  the  three  concentra¬ 
tions  employed  in  our  experiments  were  near  the  minimum,  the 
average,  and  the  maximum  phytoplankton  concentrations  recorded 
in  the  Sound.  It  is  not  clear  whether  the  low  grazing  rate  of  clausi 
and  tonsa  at  spring  flowering  concentrations  was  due  to  satiation  or 
simply  to  mechanical  inability  to  handle  so  much  food. 
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Effect  of  Copepod  Waste  Products  on  the  Growth  of  Phytoplankton. 
Ruc*s  (1947)  has  pointed  out  that  “external  metabolites”  in  the 
crater  can  have  profound  effects  on  certain  marine  organisms.  Since 
living  copepods  presumably  excrete  waste  products  continuously 
as  organic  compounds  and  inorganic  ions  which  might  be  beneficial 
or  inhibitory  to  the  growth  of  phytoplankton,  it  seemed  advisable 
to  determine  whether  or  not  control  and  experimental  vessels  represent 
the  same  environment  in  so  far  as  phytoplankton  growth  requirements 
were  concerned.  Replicate  bottles  were  prepared  to  the  same  initial 
concentration  of  phytoplankton  with  aged  Berkefeld  filtert'5  sea 
water  and  with  water  previously  inhabited  by  living  copepods.  Both 
sets  of  bottles  were  then  subjected  to  normal  experimental  procedure, 
and  numbers  were  estimated  in  the  usual  way.  For  temperatures 
below  15°  C,  the  normal  Berkefeld  control  appeared  to  be  adequate, 
but  at  higher  temperatures  the  results  were  inconclusive.  In  one 
experiment  no  difference  was  detected  between  the  two  sets  of  bottles 
at  25®,  whereas  in  another,  the  copepod  water  encouraged  a  higher 
growth  rate  at  15°  but  seemed  to  suppress  growth  at  20°.  Since 
there  was  no  pronounced  or  systematic  effect  on  phytoplankton 
growth  metabolism,  the  work  was  not  pursued  further. 

Effect  of  Culture  Age  cm  Grazing  Rates.  In  our  preliminary  ex¬ 
periments,  considerable  variation  was  noted  in  the  amount  of  water 
filtered  by  copepods  under  supposedly  similar  conditions.  Ryther 
(1954)  found  that  senescent  cultures  of  Chkrrelto  vulgaris,  Scenedesmus 
guadricauda,  and  Navicula  pdliculosa  gave  lower  grazing  rates  for 
Daphnia  magna  than  log  phase  cultures.  Ryther’s  observations 
suggested  that  the  physiological  state  of  the  Skeletonema  cosin.tum, 
cultures  employed  by  us  might  explain  some  of  the  variation  noted 
in  grazing  rates. 

Food  cultures  of  S.  costatum  were  started  on  December  5,  8,  11, 
and  13,  using  the  same  medium  and  the  same  strain  of  cells  as  inocula 
on  each  date.  On  December  17,  the  grazing  rate  of  tonsa  was  measured 
at  three  different  temperatures,  using  grazing  cultures  made  up  from 
the  different  stock  cultures.  Thus  the  grazing  cultures  ranged  in 
age  from  four  to  12  days.  The  cell  concentrations  were  adjusted 
so  that  all  experimental  and  control  bottles  contained  approximately 
the  same  initial  number  of  cells  per  liter.  The  six  day  old  culture, 
clearly  in  log  phase  (see  Fig.  25B),  gave  a  significantly  higher  grazing 
rate  at  all  temperatures  than  the  12  day  culture,  and  it  was  also 
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Figure  35.  A,  Grazing  rates  of  Umsa  fed  Skeldonema  cosuuum  culture  of  different  ages. 
B.  Hypothetloal  growth  curre  for  Skeletonema  cosiatum  based  cm  cell  concentrations  In  cul¬ 
tures  cf  four  different  ages. 

superior  in  most  cases  to  the  four  and  nine  day  cultures  (Fig.  25A), 
Thus  the  experiment  suggests  that  culture  age  is  a  primary  concern 
in  determining  the  feeding  rates  of  zooplankton. 

Light  and  Grazing  Rates.  Field  observations  by  Wimpenny  (1938) 
suggested  that  zooplankton  feed  more  at  night  than  during  the  day. 
Laboratory  studies  by  Fuller  (1937)  and  Gauld  (1951)  tended  to 
confirm  the  presence  of  a  diurnal  feeding  rhythm.  However,  when 
Gauld  (1953)  re-examined  the  problem,  he  found  that  80-100%  of 
the  Calanus  finm-archicus  taken  from  the  surface  waters  had  been 
actively  feeding  regardless  of  the  time  of  day.  Although  laboratory 
studies  indicated  long  periods  of  low  feeding  activity,  these  could 
not  be  correlated  with  amount  of  light.  From  these  studies  he 
concluded  that  there  is  no  diurnal  rhythm  in  grazing  of  copepods 
distinct  from  their  diurnal  rhythm  of  vertical  migration.  More 
food  is  consumed  at  night  because  the  copepods  tend  to  congregate 
in  the  upper  waters  where  food  is  more  available,  but  apparently 
grazing  is  more  or  less  continuous. 

In  a  preliminary  examination  of  the  effect  of  light,  no  significant 
differences  in  grazing  rates  were  detected  in  either  light  or  dark.  Nor 
did  light  have  a  differential  effect  on  phytoplankton  growth  rates 
over  the  normal  experimental  period. 
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Sexual  Differences  in  Grazing  Rales.  Raymont  and  Gross  (1941) 
fed  male  and  female  Ccdanus  Jinmarchicus  different  cultures  of  marine 
phytoplankton  and  recorded  the  number  of  fecal  pellets  produced. 
In  almost  all  of  their  experiments,  more  fecal  pellets  were  produced 
by  the  females.  For  instance,  with  the  centric  diatom  Ditylum 
brightwellii,  26  males  produced  540  pellets  in  68  hours  and  consumed 
an  average  of  31  cells/cc,  while  the  same  number  of  females  produced 
4000  pellets  during  the  same  period  and  consumed  476  cells. 

In  our  first  experiment,  run  at  20°  C  with  tonsa,  males  filtered  an 
average  of  413  ml  water  per  mg  dry  weight  and  day  while  the  females 
filtered  894  ml,  or  more  than  twice  as  much.  When  these  results 
are  compared  with  the  oxygen  consumed,  we  find  that  the  males 
actually  expended  more  energy  in  filtering  413  ml  of  water  than  the 
females  did  in  filtering  twice  that  amount.  In  another  experiment, 
the  average  female  tonsa  removed  food  from  25.1  ml  water  in  a  day 
while  the  males  filtered  only  9.12  ml. 

Among  lower  animals  the  males  are  often  smaller  and  weaker 
than  the  females,  and  it  is  possible  that  male  copepod3  are  subservient 
to  the  females.  Once  the  spermatophore  is  attached  to  the  genital 
segment  of  the  female  his  function  is  completed,  whereas  the  female 
must  survive  long  enough  to  produce  sufficient  eggs  to  insure  survival 
of  the  species.  If  the  adult  male  lived  only  briefly,  there  would  be 
less  competition  for  food  as  the  progeny  developed. 

Effect  of  Temperature  on  Grazing.  During  fall  and  winter  of  1953-54 
and  in  early  summer  1954,  comparative  experiments  were  run  to 
ascertain  the  effects  of  temperature  on  grazing.  Fig.  26  represents 
grazing  curves  derived  from  two  winter  experiments  in  1954.  The 
rate  for  both  clausi  and  tonsa  was  essentially  linear  with  respect  to 
temperature  on  January  6;  this  unear  relation  between  temperature 
and  grazing  was  characteristic  of  results  obtained  throughout  the 
fall.  At  lower  temperatures  the  clausi  grazing  rata  was  significantly 
higher  than  that  for  tonsa ,  with  the  inverse  situation  at  higher  tempera¬ 
tures.  However,  on  February  2,  grazing  rates  for  both  species 
increased  rapidly  with  temperature  up  to  15s  C  and  then  declined 
between  15  and  20°.  A  grazing  curve  for  clausi  obtained  January 
26  was  just  intermediate  in  shape  between  these  two;  that  is,  grazing 
rates  rose  sharply  with  temperature  up  to  15°  but  merely  leveled 
off  at  204  instead  of  declining  ns  on  February  2.  There  were  not 
enough  tonsa  in  the  tows  to  run  more  than  a  token  experiment  on 
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January  26,  so  their  behavior  is  mere  supposition.  Nonetheless, 
this  series  of  experiments  suggests  the  occurrence  of  temperature 
conditioning, 

Water  temperatures  throughout  the  fall  and  early  winter  were 
several  degrees  higher  in  1953  than  in  1952,  but  about  the  first'  of 
January  1954  a  series  of  cold  spells  caused  a  sharp  drop  in  temperature 
over  a  period  of  two  weeks,  after  which  temperatures  remained  arounu 
2°  C  through  the  rest  of  January  and  February.  Thus  the  animals 


Figure  26.  Grazing  rates  for  adoita  plotted  with  temperature.  A,  January  6,  IBM;  B, 
February  S— 3.  IBM. 

used  on  January  6  had  a  previous  temperature  history  about  4-6° 
higher  than  those  used  on  February  2, 

If  the  amount  of  oxygen  consumed. by  an  animal  in  a  given  period 
of  time  is  roughly  proportional  to  the  amount  of  organic  matter 
oxidized,  it  should  be  possible  to  compute  the  theoretical  food  require¬ 
ments  of  each  species  and  compare  it  with  the  actual  amount  of  food 
present  in  the  water.  However,  before  this  can  be  done,  certain 
assumptions  are  necessary.  First  since  our  understanding  of  the 
physiology  of  copepods  is  limited,  for  the  sake  of  simplicity  let  us 
assume  a  carbohydrate  metabolism  with  glucose  as  the  substance 
oxidized.  Second,  let  us  assume  that  the  organic  substance  of  the 
copepod  is  50%  carbon.  Thus,  ml  Oj  consumed  X  1.4  X  0.375  =  mg 
C  oxidized,  where  1.4  is  the  density  of  oxygen  and  0.375  the  carbon/ 
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oxygen  ratio  in  the  glucose  equation.  The  value  for  carbon  obtained 
may  be  multiplied  by  100/50  to  give  the  results  in  terms  of  organic 
matter  oxidized. 

If  the  water  temperature  in  the  Sound  is  known,  oxygen  consump¬ 
tion  rates  interpolated  from  laboratory  curves  can  be  used  to  compute 
carbon  requirements  for  any  given  date,  and  grazing  curves  can  be 
used  to  determine  the  amount  of  organic  matter  that  is  necessary  to 
fulfill  this  requirement.  When  the  theoretical  concentration  of  plant 
material  (in  yg  chlorophyll  per  liter)  which  is  required  to  maintain 
the  population  in  a  steady  state  is  plotted  for  both  species  with  the 
average  winter  concentration  of  chlorophyll  observed  in  the  Sound, 
it  is  clear  that  tcrnsa  was  not  able  to  meet  its  metabolic  needs  during 
most  of  December  and  January  (Fig.  27).  To  be  sure,  dausi  also  may 


Figure  27.  Chlorophyll  requirements,  In  nf?  per  liter,  of  adults  plotted  with  available 
chlorophyll;  winter,  1053-1954. 
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Figure  28.  A,  Grazing  rates  for  adoite  plotted  with  temperature;  summer  1954.  B, 
Carbon  requirement  for  adult  plotted  with  temperature;  summer  1953  and  19M. 

have  had  a  negative  metabolism  at  times,  but  during  the  winter 
it  had  a  better  chance  of  obtaining  sufficient  food  for  growth  and 
reproduction  than  tonsa.  Although  the  total  number  of  organisms 
estimated  from  scattered  tows  during  this  period  did  not  agree  per¬ 
fectly  with  periods  of  scarcity  and  plenty,  the  data  appear  to  be 
reasonable  if  a  time  lag  of  several  weeks  is  assumed  before  population 
numbers  would  be  affected  by  variation  in  food. 

Examination  of  summer  grazing  rates  and  carbon  requirements 
plotted  against  temperature  showed  that  clausi  was  still  favored 
by  high  temperatures  (Fig.  28).  Since  corrected  grazing  rates  were 
higher  for  clausi  than  for  tonsa  and  corrected  carbon  requirements 
lower,  clausi  should  obtain  more  food  than  temsa  for  a  given  amount 
of  energy  expended.  When  food  requirements  were  plotted  with 
available  chlorophyll,  the  organic  matter  was  sufficient  to  support 
a  large  population  of  either  species  (Fig,  29).  Nonetheless,  if  both 
gpecies  ate  the  same  kind  of  food,  competition  should  favor  clausi. 

All  of  the  grazing  rates  used  here  were  determined  with  the  diatom 
Skeletoncma  costatum,  primarily  a  winter  and  spring  form  in  Long 
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Figure  29.  Chlorophyll  requirements,  In  pg  per  liter,  of  adults  plotted  with  available 
chlorophyll;  summer  1964, 


Island  Sound,  but  during  the  summer  months  the  diatom  popula¬ 
tion  was  generally  low  compared  with  the  flagellate  population. 
Although  tonsa  grazing  rates  might  have  been  high  enough  had  a 
summer  phytoplankton  species  been  used  to  account  for  this  dis¬ 
crepancy,  it  does  not  seem  likely  on  the  basis  of  available  information. 
In  the  first  place,  corrected  grazing  rates  for  populations  of  both 
species  were  larger  in  summer  than  in  winter,  except  at  the  lowest 
temperature,  but  the  amount  of  increase  was  greater  for  clausi. 
Secondly,  when  the  copepods  were  fed  natural  summer  phytoplank¬ 
ton,  claim  still  had  a  higher  grazing  rate  than  tonsa,  although  neither 
species  fed  as  well  on  phytoplankton  dominated  by  flagellates  as  it 
did  on  S.  costaium. 

It  is  possible  that  tonsa  utilized  another  source  of  food  that  was 
unavailable  to  clausi ,  for  on  two  occasions  a  tcnsa  female  in  laboratory 
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cultures  was  known  to  have  devoured  an  immature  copepod,  When 
this  predation  was  noted,  the  female  was  isolated  in  a  smaller  con¬ 
tainer  for  observation,  and  within  an  hour  the  immature  copepod 
had  been  completely  consumed.  Thi3  predatory  activity  could  have 
been  the  accidental  result  of  overcrowded  conditions  in  the  culture 
vessel,  but  if  these  species  have  to  depend  on  animal  food  to  a  large 
extent  when  diatom  populations  are  low,  the  greater  size  of  (ansa 
during  this  season  of  the  year  should  give  it  an  advantage. 


Question  of  Selective  Feeding.  Previous  mention  has  been  made  of 
selective  feeding  in  the  laboratory  by  Calanu-s  finmarchicua  (Harvey, 
1937).  Field  observations  by  Lowndes  (1935)  demonstrated  that 
the  freshwater  copepod  Diaptcmus  gracilis  can  select  its  food  in  nature. 
In  a  recent  paper,  Hutchinson  (1951)  has  pointed  out  that,  particu¬ 
larly  in  temporary  waters,  two  or  more  species  of  copepods  of  widely 
differing  sizes  often  coemst;  presumably  the  larger  species  would 
not  compete  with  the  smaller  ones  for  exactly  the  same  food. 

In  order  to  investigate  possible  food  preferences  in  nature,  indi¬ 
viduals  of  both  species  of  Acarlia  were  cleared  in  creosote  and  mounted 
in  balsam.  Although  quantitative  examination  of  the  type  of  food 
present  was  impossible  because  many  of  the  smaller  phytoplankton 
elements  were  badly  macerated  in  the  feeding  and  digestive  processes, 
some  of  the  larger  forms  could  be  identified  and  their  numbers  were 
roughly  estimated. 

During  winter,  both  species  appeared  to  be  feeding  primarily  on 
two  species  of  Thalas&iosira  and  on  Thalassionema  nitzschioides,  a 
colonial  pennate  diatom.  At  the  height  of  the  spring  flowering, 
the  guts  of  both  clausi  and  tonsa  were  packed  with  Skeletcmema  coatatum 
as  well.  In  addition  to  identifiable  forms,  the  guts  always  contained 
a  considerable  quantity  of  greenish  material  of  unknown  origin.  In 
summer  there  was  less  food  in  their  intestines  and  a  higher  percentage 
of  this  was  unidentifiable.  The  most  common  recognizable  form 
at  this  time  of  year  was  the  small  Coscinodiscus  radiaius,  but  frag¬ 
ments  of  a  larger  specie?  of  Coscinodiscus  were  found  occasionally, 
more  frequently  in  tonsa.  However,  the  major  difference  in  gut 
contents  during  summer  was  the  frequent  occurrence  in  tonsa  of  a 
sizable  transparent  form  of  indefinite  shape;  while  this  object  was 
not  positively  identified  as  a  plant  cell,  its  size  was  about  the  same  as 
that  of  a  naked  dinoflagellate  of  the  genus  Prorocentrum  found  in 
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considerable  abundance  in  the  Sound  at  this  time  of  yeai ;  practically 
never  waa  it  found  in  clausi. 

If  clausi  and  tonsa  are  behaving  as  filter  feeders,  then  the  size  of 
the  apertures  made  by  the  fine  hairs  on  the  feeding  appendages 
should  determine  the  minimum  size  of  a  particle  removed  from  the 
water.  Lowndes  (1935)  and  Cannon  f  1928)  have  shown  that,  in 
several  species  of  calanoid  copepods,  the  second  maxillae  do  not 
participate  actively  in  the  food-getting  processes  but  rather  serve 
as  a  filter  or  sieve  through  which  a  feeding  current  is  maintained 
by  the  activities  of  certain  other  appendages.  Although  the  second 
maxillae  also  serve  as  the  principal  filter  among  members  of  the 
genus  Acariia,  they  are  used  actively  for  "seining”  rather  than  as 
an  immobile  net  on  which  food  particles  are  collected.  Each  second 
maxilla  of  the  Acariia  has  12  long  curved  spines  pinnate  with  short 
bristles  10-20m  in  length.  The  maxillae  are  worked  in  unison; 
first  the  spines  are  spread  apart  to  form  an  open  basket-like  structure, 
and  then  they  are  quickly  drawn  together  much  as  a  fisherman  might, 
use  a  drop  net.  Thus  the  size  of  the  apertures  varies  somewhat 
depending  on  whether  the  "seine”  is  open  or  closed,  but  the  minimum 
size  still  is  determined  by  the  distance  between  adjacent  pinnate 
bristles. 

In  the  case  of  tonsa,  this  distance,  estimated  as  7-8  p,  was  practically 
the  same  in  summer  and  winter.  On  the  other  hand,  for  claim  a 
considerable  seasonal  variation  was  noted,  the  bristles  in  summer 
averaging  only  4-5m  apart,  in  winter  9-lOp.  Although  a  sizable 
percentage  of  the  flagellates  would  slip  through  the  apertures  of 
either  species,  clausi  should  be  better  able  to  catch  the  smaller  forms 
present  in  summer  than  tonsa. 

Several  grazing  experiments  which  were  run  to  determine  if  the 
copepods  showed  any  differences  in  choice  of  food  in  the  laboratory 
gave  negative  results  whether  natural  populations  of  phytoplankton 
or  mixed  laboratory  cultures  were  used.  During  the  spring  flowering, 
when  a  natural  population  dominated  by  Skdetonema  costatum  and 
Thalassiosira  nordenskidldii  was  used  for  grazing  experiments,  neither 
species  of  copepod  demonstrated  selectivity.  However,  when  lab¬ 
oratory'  cultures  of  S.  costatum  were  compared  with  laboratory  cultures 
of  Niizschia  closterium,  both  copepods  showed  a  distinct  preference 
for  the  former.  Nevertheless,  there  was  no  differential  selectivity; 
that  is,  the  ratio  of  the  filtering  rate  with  S.  costatum  as  a  food  source 
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to  that  for  N.  clcsterium  was  about  the  same  in  the  case  of  both 
clausi  and  tonsa.  The  most  interesting  feature  of  this  experiment 
was  the  result  obtained  when  clausi  and  tonsa  were  fed  a  mixed  culture 
containing  equal  numbers  of  5.  costatum  and  N.  closterium,  adjusted 
to  give  the  same  approximate  total  concentration  used  with  either 
culture  alone.  In  this  case,  the  grazing  rates  determined  from  the  con¬ 
sumption  of  V.  clcsterium  in  the  mixed  culture  were  about  the  same 
as  those  determined  from  A\  clcsterium  alone,  but  the  grazing  rate 
determined  from  S.  costatum  in  the  mixed  culture  was  significantly 
lower  statistically  than  the  rate  from  S,  costatum  alone.  The  low 
numbers  of  N .  closterium  eaten  by  clausi-  and  tonsa  cannot  be  explained 
entirely  on  the  supposition  that  it  is  too  small  (diameter,  3— 4m)  to 
be  captured  by  the  feeding  mechanism;  rather,  it  appears  to  be  so 
unsuitable  as  food  that  feeding  processes  are  suppressed.1 

In  another  experiment,  with  summer  populations  of  phytoplankton, 
the  dominant  identifiable  forms  were  the  dinoflagellates  Ceratium 
lineatum,  Dinophysis  acuminata ,  and  Prorocentrum  scutelium  (?). 
While  the  individual  grazing  rates  on  these  dinoflagellates  were  too 
low  for  statistical  treatment,  the  data  suggest  that  tonsa  might  prefer 
C.  lineatum  to  D.  acuminata  and  that  clausi  might  prefer  D.  acuminata 
to  the  larger  C.  lineatum. 
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The  descriptive  data  for  Long  Island  Sound  have  shown  that  the 
distribution  of  each  species  of  Acartia  is  limited  seasonally,  as  was 
true  also  in  Tisbury  Great  Pond  (Deevey,  1948).  Although  Deevey's 
data  suggested  rigid  temperature  control,  our  study  seems  to  indicate 
that  at  least  the  adults  of  both  species  can  survive  the  temperature 
extremes  found  in  the  Sound. 

In  Tisbury  Great  Pond,  a  temperature  of  22  to  24°  C  appeared 
to  be  lethal  to  clausi.  However,  in  Long  Island  Sound  clausi  was 
lar;  Ay  gone  from  the  water  before  the  average  temperature  reached 


*  A  recent  paper  by  Hendey  (1954)  has  cast  considerable  doubt  on  the  identity  of 
certain  Nituchia  clcsterium  cultures.  The  form  used  in  these  experiments  and  in 
the  majority  of  other  feeding  studies  was  probably  the  Nitzschia  clcsterium  (Ehren- 
berg)  Wm.  Smith  forma  minutiasima  which  was  isolated  at  Plymouth  by  Allan  and 
Nelson  (1910);  this  form  always  contains  a  few  triradiate  cells.  Hendey  believes 
that  this  organism  is  Phaeodactylum  tricorruitum  Bohiin  rather  than  N.  deuterium. 
There  is  good  evidence  to  suggest  that  it  is  not  even  a  diatom. 
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203.  Since  there  is  usually  a  moderate  thermocline  at  this  time  of 
year,  the  temperature  of  the  deeper  waters  remains  below  22°  well 
into  August,  long  after  clausi  has  completely  disappeared,  Moreover, 
laboratory  experiments  have  shown  that  summer  populations  of 
adult  clausi  are  well  acclimatized  to  temperatures  around  20°,  but 
by  the  time  Sound  temperatures  have  risen  to  this  level  the  balance 
has  swung  toward  tonsa.  Although  the  experimental  data  do  not 
rule  out  completely  the  lethal  effect  of  high  temperature  as  a  possible 
limit  to  clausi  production,  certainly  no  temperature  was  recorded 
which  was  low  enough  to  cause  the  abrupt  elimination  of  either 
species. 

It  has  been  shown  that  the  adult  clausi  was  definitely  the  more 
efficient  organism  at  low  temperatures,  On  the  othor  hand,  tonsa, 
the  summer  form,  was  still  outstripped  by  clausi  under  laboratory 
conditions  approximating  the  summer  environment.  Although  both 
species  should  be  able  to  meet  their  energetic  needs  on  the  basis  of 
available  carbon,  clausi  should  dominate  in  summer  as  well  as  in 
winter  unless  there  is  some  selection  of  food  favoring  tonsa.  The 
larger  tonsa  might  be  more  successful  with  larger  food  organisms, 
but  evidence  suggests  that  a  high  percentage  of  the  available  organic 
matter  in  summer  is  in  the  form  of  small  flagellates.  The  food  studies 
performed  on  the  adult  organisms  do  not  adequately  explain  the 
absence  of  clausi  and  dominance  of  tonsa  in  summer,  and  yet  another 
explanation  must  be  sought. 

Figs.  7  and  8  show  that  the  developmental  stages  of  clausi  began 
to  disappear  somewhat  earlier  than  the  adults.  Thus  the  unfavorable 
trend  in  the  environment  must  have  been  operating  primarily  against 
the  young  stages.  The  pauplii  and  copepodids  may  have  a  lower 
temperature  tolerance  than  the  adults,  but  the  gradual  decline  in 
numbers  of  clausi  and  the  steady  increase  in  young  tonsa  suggest 
a  more  subtle  temperature  control.  Final  resolution  of  this  problem 
must  await  the  development  of  a  more  sensitive  experimental  pro¬ 
cedure  and  a  culture  method. 

Even  if  temperature  is  ruled  out  as  the  direct  cause  of  seasonal 
fluctuations  in  species  composition,  its  influence  must  be  considerable. 
In  laboratory  experiments,  temperature  change  had  a  profound  effect 
on  the  organism  in  several  inter-related  ways;  moreover,  the  degree 
of  influence  was  greater  on  one  species  than  it  was  on  the  other, 
which  would  imply  certain  differences  in  metabolic  control.  Tem- 
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per  attire  also  affected  the  activity  of  the  animals  and  thus  influenced 
such  important  processes  ae  food  acquisition.  Therefore,  it  appears 
that  temperature  may  act  to  control  the  distribution  of  tonsa  and 
clausi  indirectly,  first  making  the  environment  slightly  more  favorable 
for  one  species  and  then  for  the  other.  From  available  information 
on  food  and  vertical  distribution,  the  ecological  niches  of  these  two 
frpecies  must  at  least  overlap.  In  the  light  of  classical  theory,  these 
organisms  should  be  in  competition. 

The  best  known  mathematical  description  of  population  growth 
is  probably  the  logistic  of  Pearl  and  Reed  (1920),  which  may  be  written 


dX/dt  =  bX(K  -  X)jK,  (3) 

where  K  is  the  population  size  at  saturation  density,  N  the  population 
size  at  any  given  time  t,  and  b  &  growth  coefficient.  This  equation 
was  rewritten  by  Gause  (1934)  to  express  the  inter-relationship  be¬ 
tween  two  species  inhabiting  the  same  environment, 

dNJdt  =  htAVAT  -  Ah  -  a  Nt)jKu  (4) 

dNi/dt  =  biXiiKi  -  Ah  -  tl  A h)/Ki,  (5) 


where  the  j 
the  terms  c* 


i  4.  ...  i  i:_i: _ i_i_  j.1.  .  j. _ _ _ i  _ t. _ 

uuaunpis  i  enu  j  uiomiguiDu  cue  mu  opceico  auu  wucie 

Ah  and  h  Aq  describe  the  degree  of  influence  each  organism 


has  on  the  other. < 

From  these  equations  it  is  possible  to  predict  that  one  of  three 
things  may  happen  in  a  competitive  system  involving  two  species 
(Gause  and  Witt,  1935).  First,  if  a  >  K\jKi  and  d  >  K?/K:,  then 
the  species  which  is  initially  dominant  would  survive  while  the  sub- 


<  Recently  Andrewartha  and  Birch  (1963)  have  criticized  this  classical  approach 
to  population  problems,  but  a  fallacy  in  their  argument  should  be  mentioned.  They 
state  that  K  is  conceived  “.  .  .  as  the  maximum  or  saturation  density  for  a  par¬ 
ticular  place  and  the  particular  circumstances  in  which  the  population  is  living,” 
According  to  G.  E,  Hutchinson  (personal  communication),  K  is  conceived  only  as  a 
saturation  density,  but  there  is  no  reason  why  K  may  not  be  exceeded  under  arti¬ 
ficial  or  unusual  conditions;  therefore,  K  cannot  be  a  maximum  as  well  as  a  saturation 
density.  If  the  biologist  prefers,  he  may  start  with  a  laboratory  population  with 
N  higher  than  K,  in  which  case  it  is  assumed  that  the  population  will  decline  to  the 
level  K.  The  fact  that  the  original  mathematical  treatment  of  Gause  provides  for 
ruch  an  assumption  is  certainly  a  point  in  its  favor.  Furthermore,  no  mathematical 
interpretation  of  biological  phenomena  is  without  some  criticism,  but  until  a  better 
description  of  the  problem  is  put  forward,  a  theory  with  such  wide  application  (see 
Riley,  1952)  should  not  be  discarded  on  a  technicality. 
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dominant  would  be  eliminated.  Such  a  case  might  involve  some 
equally  strong  mutual  depressant,  such  as  an  antibiotic,  but  there  is 
no  evidence  in  our  investigation  for  such  a  direct  biotic  effect  of  one 
species  on  the  other.  Second,  if  the  ecological  niches  coincide  pre¬ 
cisely  and  if  the  uniform  environment  favors  one  species  (■ i.e .,  a  < 
K\jKi  and  &  >  Kt/Ki),  then  the  degree  of  influence  of  the  better 
adapted  species  on  the  other  would  be  sufficient  to  bring  about  the 
elimination  of  the  competitor.  Finally,  if  the  ecological  niches  do 
not  coincide  precisely,  some  interaction  may  occur,  but  each  species 
can  retreat  outside  the  zone  of  influence  of  the  other  so  that  coexistence 
is  possible;  in  this  interpretation  a  <  Ku'Ki  and  £  <  K%!K\. 

In  setting  up  these  equations,  conditions  were  considered  to  be 
constant,  a  and  jS  as  well,  but  obviously  no  such  situation  exists  in 
nature.  Consider  what  would  happen  if  some  external  variable, 
such  as  temperature,  brings  about  a  differential  change  in  the  values 
of  a  and  jS;  the  curves  of  the  struggle  for  existence  would  change, 
and  at  some  critical  level  the  change  could  be  qualitative,  resulting 
essentially  in  a  redefinition  of  the  niche  of  each  species.  Furthermore, 
if  the  variable  were  seasonally  controlled  so  that  a  rhythmic  pattern 
was  established,  the  competitive  system  would  show  rhythmic  varia¬ 
tion  as  well.  First  one  species  would  be  favored  and  then  the  other, 
«  was  the  case  in  Long  Island  Sound. 

In  recapitulation,  during  late  spring  and  early  summer,  when 
the  most  pronounced  temperature  gradient  existed,  the  ecological 
niches  of  the  two  species  showed  the  least,  amount  of  overlap.  As 
the  water  warmed  in  summer,  the  environment  became  essentially 
homogeneous,  leading  to  competition  within  a  single  niche.  From 
the  available  information  it  was  inferred  that  competition  was  strongest 
between  the  developmental  stages  of  the  two  species.  As  the  water 
cooled  in  the  fall,  the  niches  appeared  to  separate  again.  Whatever 
interaction  occurred,  it  must  have  taken  place  between  the  younger 
stages,  as  in  summer.  The  later  stages  of  tonsa  became  relatively 
dormant,  and  since  winter  tonsa  contained  considerable  amounts  of 
stored  fatty  reserve,  they  scarcely  needed  to  enter  into  competition 
with  the  favored  clausi.  During  the  spring  flowering  period,  clausi 
multiplied  rapidly:  this  fact,  together  with  the  phytoplankton  dearth 
just  after  the  flowering,  should  result  in  strong  competition  fur  food. 
By  this  time,  the  water  had  warmed  enough  to  suspend  dormancy 
during  a  period  when  the  food  reserves  of  tonsa  were  at  a  low  point. 
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Once  again  the  niches  coincided  and  claim  was  successful.  Only 
once  during  the  year  were  there  simultaneous  increases  of  both  species, 
This  exception,  during  and  just  after  the  spring  flowering,  may  actually 
lend  support  to  the  theory,  for  it  is  probable  that  competition  for 
food  was  minimal  at  this  time. 

Seasonal  Distribution  of  the  Acartia  in  Other  Areas 

The  information  accumulated  in  this  study  should  be  of  use  in 
the  interpretation  of  previous  observations  even  in  areas  quite  far 
removed  geographically  from  Long  Island  Sound. 

The  coastal  waters  off  southern  California,  where  both  clau&i  and 
Umsa  occur  in  fair  abundance,  -were  examined  by  Esterly  (1928) 
by  means  of  surface  towrs  made  twice  daily  for  over  two  years  from 
Scripps  Pier  at  La  Jolla,  In  both  years,  clauei  attained  maximum  num¬ 
bers  in  March,  decreased  through  the  spring  months,  and  was  essen¬ 
tially  absent  from  these  waters  from  the  end  of  June  until  September. 
Throughout  the  fall  and  winter,  a  more  or  less  steady  increase  occurred 
until  the  spring  maximum  was  attained  once  more  in  March.  A. 
tonea,  on  the  other  hand,  attained  peak  numbers  in  July  or  August 
and  then  declined  gradually  after  the  first  of  September  to  a  winter 
minimum  in  February.  In  March  the  population  underwent  some 


resurgence,  only  to  decline  again  to  a  June  minimum  m  1217  and 
to  an  early  July  minimum  in  1918.  The  seasonal  picture,  therefore, 
is  not  unlike  that  observed  in  the  Sound,  except  that  tansa  was  never 
completely  absent  from  the  California  waters. 

The  seasonal  temperature  variation  for  these  waters  was  about 
8.5°  C.  Unfortunately  Esterly  averaged  the  temperatures  for  the 
two  years,  so  that  precise  comparison  of  our  data  with  his  is  not 
possible;  however,  maximum  temperatures  of  about  21.5°  occurred 
in  late  August  and  minimum  temperatures  around  13°  occurred  in 
late  January  and  early  February’.  The  salinity  was  somewhat 
higher  than  that  in  the  Sound,  the  spring  minimum  being  about 
33.30 %c  and  the  fall  maximum  33.90.  The  phytoplankton  abundance 
was  not  determined  by  Esterly,  but  studies  by  Allen  (1927a,  1927b) 
of  the  waters  off  La  Jolla  during  other  years  indicated  diatom  peaks 
in  March  and  April,  perhaps  another  in  July,  and  a  fall  maximum 
in  November. 

Interpretation  of  the  clausi  cycle  off  California  is  relatively  simple 
because  of  its  similarity  to  that  in  local  waters.  The  preference  for 
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cool  waters  was  unmistakable  and  the  maximum  numbers  observed 
in  March  corresponded  reasonably  well  with  the  postulated  spring 
diatom  flowering,  During  most,  of  the  year  the  greater  number  of 
claim  were  taken  in  night  tows,  but  in  June  and  July  there  was  little 
difference  between  night  and  day  catches.  Thus  the  evidence  is  not 
contradictory  to  the  supposition  that  a  thermocline  may  restrict 
the  normal  diurnal  migration  of  claim  after  surface  waters  have 
warmed  to  some  critical  temperature,  In  the  fall,  claim  numbers 
increased  quite  rapidly,  with  a  subsidiary  December  peak  recorded 
in  the  second  year  of  the  survey.  This  might  be  correlated  with  a 
fall  diatom  bloom  in  November. 

Likewise,  the  tonsa  cycle  was  similar  to  that  observed  in  the  Sound 
•when  it  is  considered  that  conditions  of  existence  were  less  extreme 
in  California  waters.  The  summer  maximum  in  both  places  was 
certainly  produced  under  similar  conditions.  No  information  is 
available  concerning  the  distribution  of  young  stages  in  winter,  but 
comparison  of  night  and  day  tows  strongly  suggests  a  degree  of 
dormancy.  The  water  temperatures  at  La  Jolla  in  winter  were  not 
nearly  so  low  as  those  recorded  in  the  Sound,  but,  since  seasonal 
acclimatization  appears  to  be  present  in  Sound  Acartia  populations, 
a  different  level  of  climatic  adjustment  to  a  different  set  of  conditions 
might  well  be  postulated  for  copepods  in  waters  with  a  smaller  sea¬ 
sonal  temperature  variation.  Hence  the  winter  metabolism  at  13" 
in  one  locality  might  be  similar  to  that  found  elsewhere  at  lower 
temperatures;  such  regional  differences  are  known  for  other  poikilo- 
tberms  (Sparck,  1936;  Thorson,  1936;  Fox  and  Wingfield,  1937; 
Scholander,  et  al,  1953).  A  spring  increase  of  tonsa  occurred  in  Long 
Island  Sound  and  at  La  Jolla;  this  could  result  only  from  a  temporary 
superabundance  of  food  during  the  spring  flowering.  The  major 
difference  in  distribution  in  the  two  bodies  of  water  occurred  after 
the  spring  diatom  maximum,  when  zooplankton  were  abundant  and 
phytoplankton  relatively  scarce.  In  Allen’s  study  the  diatom  num¬ 
bers  in  La  Jolla  waters  did  not  fall  away  so  precipitously  after  the 
flowering  as  they  did  in  the  Sound.  Nonetheless,  the  lowest  quantity 
of  tonsa  in  the  California  environment  was  found  in  both  years  during 
the  late  spring  and  early  summer  when  the  amount  of  phytoplankton 
was  low. 

Thus  the  distribution  in  both  areas  was  probably  controlled  by 
the  same  environmental  factors,  but  the  more  moderate  conditions 
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at  La  Jolla  seem  to  favor  only  limited  competition  during  most  of 
the  year.  When  more  severe  competition  did  occur,  it  was  approx* 
imately  at  the  same  season  as  in  the  Sound. 

In  northern  European  waters,  Acartia  clausi  has  a  different  sea¬ 
sonal  cycle.  Maxima  are  usually  obtained  in  middle  or  late  summer 
and  minima  occur  in  winter  (Marshall,  1949;  Digby,  1950;  Wiborg, 
1954).  Wiborg  has  presented  rather  extensive  hydrographic  data 
for  comparison  with  zooplankton  distribution,  and  the  data  for  three 
of  his  stations  include  reasonably  complete  seasonal  cycles  for  clausi: 
Sognesjpen,  at  the  mouth  of  Sognesfjord,  61°  04'  N,  04°  50'  W,  depth 
300  m;  Ona,  off  Mpre,  62°  54'  N,  06°  30'  E,  depth  200  m;  and  Eggum, 
on  the  ocean  side  of  the  Lofoten  Islands,  68°  23'  N,  13°  39'  E,  depth 
200  m. 

At  Sognesjpen,  on  the  basis  of  incomplete  data,  maxima  of  clausi 
are  indicated  for  June  and  September  1950;  at  Ona,  in  the  same  year, 
there  was  a  major  peak  in  August  and  a  secondary  one  in  November; 
at  Eggum,  the  primary  maximum  occurred  in  September  1950,  with 
a  smaller  peak  in  November.  The  two  peaks  recorded  for  each 
station  suggest  that  two  generations  were  produced.  At  9ognesj0en, 
surface  temperatures  warmed  quickly  from  10°  at  the  beginning  of 
June  to  16°  by  the  end  of  August,  but  in  the  fall,  cocling  was  more 
gradual,  with  deepening  of  isotherms,  At  Ona,  temperatures  above 
13"  were  recorded  down  to  50  m  from  August  well  into  September  and 
above  10°  until  mid-November.  At  Eggum  maximum  temperatures 
occurred  in  September,  but  temperatures  remained  fairly  high  until 
about  the  first  of  December.  Thus,  with  the  exception  of  Sognesjpen, 
where  data  were  limited,  the  zooplankton  and  temperature  maxima 
corresponded  in  1950.  Few  if  any  clausi  were  produced  until  water 
temperatures  reached  10°  C,  and  breeding  ceased  in  the  fall  when 
temperatures  fell  below  this  figure.  In  1949,  on  the  basis  of  such 
zooplankton  data  as  were  available,  the  seasonal  picture  for  all  sta¬ 
tions  was  somewhat  different.  At  each  station  the  clausi  maxima 
were  about  one  month  later,  and  only  one  successful  generation  was 
produced.  The  temperature  distribution  suggests  that  this  was  a 
much  cooler  summer,  with  maximum  temperatures  later  and  somewhat 
lower  than  those  in  1950.  Nonetheless,  the  abundance  of  clausi  and 
the  temperature  distribution  were  closely  correlated. 

In  Long  Island  Sound,  respiratory  and  grazing  observations  in 
dicate  that  clausi  has  an  excellent  chance  of  success  in  meeting  food 
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requirements  at  temperatures  between  S-18®  C,  but  contrary  to  the 
situation  in  Norwegian  waters,  it  also  existed  at  much  lower  tem¬ 
peratures  in  local  waters.  Although  claim  has  a  world-wide  distribu¬ 
tion  and  a  wide  range  of  temperature  and  salinity  tolerances,  in 
northern  temperate  waters,  at  least,  it  becomes  a  zooplankton  dom¬ 
inant  only  under  estuarine  conditions. 

It  was  mentioned  earlier  that  the  Acartia  are  not  filter  feeders  in 


the  strict  sense  (Lowndes,  1935);  they  do  not  make  continuous  vibra¬ 
tory  movements  of  the  head  appendages,  nor  do  they  glide  slowly 
while  feeding  in  the  manner  of  Calanus  finmarchicus,  creating  a 
feeding  current  by  their  movements  (Cannor,  1928).  Instead,  the 
Acartia  obtain  food  by  a  series  of  grasping  or  raking  movements, 
principally  by  the  second  maxillae.  These  movements  are  not 
nearly  as  rapid  as  those  of  C.  finmarchicus,  and  they  are  made  for 
only  a  short  period,  not  more  than  a  few  seconds  on  the  average. 

Since  the  feeding  mechanism  of  the  Acartia  appears  to  be  less 
efficient  than  that  of  other  copepods,  they  may  not  be  successful  in 
competition  with  “true”  filtering  forms;  hence,  the.  Acartia  may 
attain  an  important  position  in  the  zooplankton  community  only 
when  aalinity  restricts  the  distribution  of  other  copepods. 

Wiborg’s  data  lend  two  important  items  of  confirmatory  evidence 
to  this  theory.  First,  the  “true”  filtering  copepods,  such  as  Calanus, 
bad  spring  maxima  in  these  northern  waters,  and  second,  the  salinity 
minimum  occurred  in  late  summer  and  early  fall  at  all  of  hia  stations. 
Thus  salinity  rather  than  temperature  may  be  the  most  important 
limiting  factor  for  the  Acartia  in  competition  with  copepods  of  other 
genera.  However,  in  the  case  of  intrageneric  competition  such  as 
has  been  described  for  Long  Island  Sound,  temperature  is  probably 
the  most  significant  physical  factor. 


Daily  Zooplankton  Production  in  the  Sound 

From  the  respiratory  and  grazing  data  accumulated  in  this  study, 
the  daily  rate  of  zooplankton  production  can  be  estimated.  The 
average  displacement  volume  of  total  No.  10  net  zooplankton  from 
the  Sound  over  a  two  year  period  was  about  1  cc/m*,  and  the  average 
water  depth  is  about  20  m  (see  Riley’s  Introduction  in  this  volume). 
Therefore,  the  total  zooplankton  mass  per  square  meter  of  sea  surface 
would  be  20  g,  assuming  a  specific  gravity  of  about  1  for  the  plankton. 
At  a  mean  temperature  of  10.6°  C,  it  can  be  estimated  from  Fig.  28A 
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(average  of  the  two  curves)  that  the  grazing  rate  would  be  around 
760  ml  water/mg  dry  weight  and  day.  The  average  weight  loss  on 
desiccation  of  mixed  zooplankton  samples  was  90%  which  can  be 
used  to  estimate  that  the  water  filtered  per  mg  wet  weight  is  about  85 
ml/day.  Hence,  20  X  1000  X  85  or  roughly  1700  liters  of  water 
were  filtered  by  the  zooplankton  in  24  hours  in  a  water  column  having 
an  area  of  one  square  meter.  The  average  chlorophyll  content  of 
Sound  waters,  exclusive  of  bloom  periods,  was  about  6  jig  chlorophyll/1 
and  the  chlorophyll  varied  seasonally  hi  percent  of  organic  matter 
from  0.60  to  1.40;  an  estimated  mean  of  0.75%  seems  reasonable. 
Assuming  that  approximately  half  of  the  organic  content  was  carbon, 
the  daily  intake  of  the  zooplankton  would  be  1700  X  (5  X  10-4)  X 
0.50/0.0075  ==  0.57  g  carbon.  Since  the  organic  matter  of  zooplankton 
was  of  the  order  of  10%  of  the  wet  weight  and  since  half  of  this  was 
carbon,  it  can  be  shown  that  the  total  zooplankton  carbon  in  the 
water  column  was  approximately  1  g.  Thus  the  zooplankton  would 
appear  to  consume  over  50%  of  their  carbon  weight  in  24  hours. 
From  respiratory  data  for  Acartia  (converted  to  oxygen  consumed 
per  mg  wet  weight),  a  mean  oxygen  consumption  of  0.028  ml  Oa/day 
can  be  calculated.  Since  there  were  20  g  of  zooplankton  in  the  water 
column,  0.56  ml  represents  total  oxygen  consumption  per  square 
merer,  which  may  be  converted  to  the  daily  carbon  requirement  in 


the  manner  previously  described.  Thus,  250  mg  organic  carbon 
are  lost  each  day  through  respiration.  The  difference  between 
carbon  accrued  in  feeding  and  that  lost  in  respiration  is  obviously 
the  carbon  production  per  day,  or  570  —  290  =  280  mg;  assuming 
that  100%  of  the  carbon  ingested  was  assimilated.  The  rate  of 
production,  then,  would  be  (280/1000)  X  100,  or  28%. 

Recent  experiments  by  Marshall  and  Orr  (1955)  have  shown  that 
digestive  efficiencies  for  Calanus  finmarchicus  are  surprisingly  high 
when  fed  several  different  phytoplankton  species  labeled  with  P&. 
Experiments  which  we  performed  with  Acartia  clausi  from  British 
waters  confirmed  these  high  assimilation  rates,  using  SkeUtcmema 
costatum  and  Chaeiocsros  decipiens  as  food  organisms.  Although  only 
a  few  experiments  were  run  with  clausi,  80%  assimilation  would 
seem  to  be  a  reasonable  estimate.  Using  this  figure,  our  previous 
estimate  of  carbon  intake  becomes  456  mg,  from  which  a  revised 
daily  production  rate  of  166  mg  or  16.6%  can  be  derived. 

Respiration  and  grazing  figures  used  foi  our  estimate  assumed 
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that  claim  and  tonsa  were  representative  of  the  total  zooplankton 
community  and  that  grazing  rates  obtained  with  Skektonema  costcUum 
were  an  index  to  the  amount  of  water  filtered  by  all  species  under 
all  food  conditions.  Since  the  data  presented  in  earlier  sections 
of  this  paper  indicate  that  feeding  rates  may  vary  with  different  food 
sources,  the  second  assumption  is  probably  unjustified.  Moreover, 
since  dausi  and  tonsa  are  dominant  in  the  Sound,  they  might  be  better 
adapted  than  other  members  of  the  community.  Although  subject 
to  these  inadequacies,  the  Long  Island  Sound  estimate  compares 
favorably  with  Deevey’s  (1952b)  figure  of  16.7%  for  Block  Island 
Sound  (based  on  an  assumption  of  100%  assimilation)  and  is  slightly 
higher  than  Harvey’s  (1950)  estimate  of  10%  for  the  English  Channel. 
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ABSTRACT 

The  pelagic  fish  eggs  and  larvae  of  Long  Island  Sound,  obtained  in  weekly  oblique 
plankton  tows  from  March  1952  until  March  1954,  are  discussed  in  detail.  An 
annotated  list  of  23  identifiable  species,  plus  an  unidentifiable  one,  contains  pertinent 
information  on  spawning  seasons,  identification  and  measurements  of  eggs  and  larvae, 
their  distribution,  etc.  Information  derived  from  previous  surveys  is  compared 
with  that  from  1952-1954.  The  physical  and  biological  factors  which  may  influence 
the  abundance  of  eggs  and  larvae  as  well  as  a  variety  of  explanations  for  the  decrease 
in  egg  diameter  of  species  with  long  spawning  seasons  are  also  presented, 

INTRODUCTION 

One  of  the  many  aspects  of  a  broad  oceanographic  survey  such  as 
that  discussed  by  Riley  (see  his  Introduction  in  this  volume)  is  a 
study  of  the  spawning  fish  population.  It  is  of  more  than  passing 
interest  to  obtain  information  on  the  identity  and  seasonal  fluctua¬ 
tions  of  the  various  components  of  the  fish  population  and  to  evaluate 
and  assess  the  environmental  factors  which  may  be  responsible  for 
changes  in  their  annual  abundance. 

The  present  paper  is  limited  primarily  to  an  account  of  the  identity, 
spawning  locations,  and  seasonal  fluctuations  of  those  species  taken 
from  Long  Island  Sound  in  plankton  tows  from  March  1952  until 
March  1954,  In  a  few  instances,  observations  and  'ata  attained 
after  March  1964  have  been  included.  Subsequent  studies  will 
concentrate  on  the  causes  of  annual  fluctuations,  survival,  growth, 
and  abundance  of  the  identified  species.  Surveys  of  the  juvenile 
population  are  also  planned. 

Previous  contributions  on  fish  eggs  and  larvae  which  are  particularly 
pertinent  to  the  present  study  are  those  of  Perlmutter  (1939)  and  of 
Merriman  and  Sclar  (1052).  In  the  summer  of  1938  Perlmutter 
surveyed  the  eggs  and  larvae  in  waters  which  immediately  surround 
Long  Island.  His  generalised  account  includes  new  data  on  identi¬ 
fication  as  well  as  a  few  observations  on  temperature  and  salinity 
tolerance  of  some  spawning  species.  In  1943-1946,  Merriman  and 
Sclar  studied  the  eggs  and  larvae  in  northeastern  Block  Island  Sound. 
Their  paper  includes  an  annotated  list  combined  with  a  key  for 
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identification  of  the  eggs  and  larvae,  as  well  as  a  discussion  of  possible 
meteorological  and  oceanographical  features  influencing  the  success 
of  year-classes  of  cunner,  weakfiah,  and  butterfish. 

The  1950  catch  statistics,  the  most  recent  data  available  with 
county  tabulations  (U.  S.  Fish  and  Wildlife  Service,  1951-1952), 
indicate  that  the  waters  adjacent  to  the  three  Connecticut  counties 
on  the  north  shore  of  L.  I.  S.  produce  less  fish  than  the  waters  in 
the  vicinity  of  New  London  County  (Conn.)  at  the  eastern  end, 
where  the  catch  is  derived  primarily  from  the  B.  I.  S.  population. 
Though  L.  I.  S.  is  larger  than  B,  I.  S.  and  is  confined  almost  entirely 
by  two  coastlines,  it  supports  a  much  smaller  commercial  fishery 
than  B.  I.  S.,  with  the  possible  exception  of  menhaden.  The  shallow 
depth  and  less  saline  water  of  L.  I.  S.  (Riley,  1952a)  are  factors  that 
may  deter  the  commercially  valuable  fish,  such  as  cod  and  mackerel, 
from  entering  central  and  western  L.  I.  S.  in  great  numbers. 

Of  the  migratory  commercial  species,  the  menhaden  ( Brevoortia 
tyrannus)  enters  L.  I.  S.  during  the  warm  months  and  is  caught  in 
abundance  at  .that  time.  The  greatest  numbers  in  L.  I.  S.  occur 
at  the  eastern  end,  and  a  large  population  may  also  be  found  juBt 
outside  L.  I.  S.  proper  in  the  Peconic-Gardiners  Bay  area.  The  1950 
statistics  indicate  that  82,510,400  pounds  of  menhaden  were  landed 
at  Suffolk  County,  New  Fork  (the  center  of  the  menhaden  industry 
in  this  area),  and  seme  of  this  catch  undoubtedly  came  from  L.  I.  S. 
There  is  a  variable  and  small  recorded  catch  of  herring,  scup,  and 
butterfish,  but  no  appreciable  catch  of  cod,  haddock,  mackerel,  and 
fluke.  No  statistics  are  available  on  the  number  of  weakfish  and 
bluefish  removed  from  these  waters  by  sports  fishermen.  Two 
anadromous  migrants,  shad  and  alewife,  are  taken  occasionally  on 
the  way  to  their  spawning  grounds,  and  these  constitute  the  most 
lucrative  river  fishery  in  the  southern  New  England  area,  However, 
they  add  relatively  little  to  the  total  value  of  the  Connecticut  catch. 

Of  the  permanent  residents  in  the  Sound,  the  blackback  flounder 
(Pseudopleuroneciee  americanus)  forms  the  backbone  of  the  existing 
fishery.  Even  so,  the  recorded  catch  of  blackbacks  in  1950  was  only 
l/20th  of  that  from  B.  I.  S.  Lophopseita  aquosa,  MyoxocephaliLS 
aeneus,  the  minnow,  and  others,  utilized  as  bait  as  well  as  food  for 
humans  and  mink,  add  little  to  the  total  value  of  the  fishery. 

Except  for  the  menhaden,  it  is  clear  that  L.  I.  S.  does  not  support, 
an  important  commercial  fishery.  Nevertheless,  from  observations 
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by  Greeley  (1959),  Perlmutter  (1939),  and  Warfel  and  Merriman 
(1944),  it  appears  that  L.  I.  S.  may  well  be  a  suitable  area  for  young 
'  fish.  Their  reports  show  the  presence  of  juveniles  of  commercially 
valuable  forms  as  well  as  the  young  of  inedible  species  which  are  an 
important  part  of  the  food  chain,  The  juveniles  of  some  species 
probably  immigrate  while  others  are  batched  locally.  No  eggs  or 
larvae  of  whiting  ( Merhtccius  bilinearis )  and  spotted  hake  ( Uropkycis 
regins)  have  been  recorded  from  L.  I.  S.  proper,  but  first-year  speci¬ 
mens  of  both  species  have  been  collected  in  May  and  June  by  a  local 
commercial  oyster  vacuum  dredge,  The  juveniles  hatched  locally 
are  subdivided  into  two  groups;  those  spawned  by  seasonal  immigrants 
such  as  menhaden,  rockling,  and  kingfish  ( Menticirrh.ua  sasatilis), 
and  those  spawned  by  residents,  namely  the  blackback,  eculpin, 
windowpane  flounder,  and  others.  A  few,  such  as  weakfish,  may 
stem  from  both  major  sources.  Thus,  the  Sound  appears  to  be  a 
nursery  ground.  How  valuable  a  r61e  these  waters  play  in  this 
respect  is  a  matter  of  conjecture,  but  from  the  high  concentration  of 
plankton  (see  Riley  and  Conover  in  this  issue)  and  the  tremendous 
quantities  of  bottom  organisms  (see  Sanders  in  this  issue)  it  would 
appear  that  L.  I.  S.  is  a  favorable  location  for  young  fish. 

ACKNOWLEDGMENTS 

It  is  a  pleasure  to  acknowledge  not  only  the  guidance  of  Gordon 
A.  Riley  but  also  his  helpful  advice  on  problems  pertaining  to  the 
hydrography  of  L.  I.  S,  I  am  also  indebted  to  Daniel  Merriman 
for  assistance  in  the  identification  of  various  fish  eggs  and  for  his 
constructive  criticism  of  the  manuscript. 

Gordon  Riley  and  Shirley  M.  Conover  took  the  samples  of  zoo¬ 
plankton  from  which  the  eggs  and  larvae  were  obtained.  Herbert 
W.  Graham  kindly  provided  working  space  at  the  U.  S.  Fish  and 
Wildlife  Service  Laboratory  in  Woods  Hole  during  the  summer  of 
1954;  and  John  Colton  made  available  for  examination  the  collections 
taken  aboard  the  Albatross  hi  in  the  spring  of  1953  and  also  made 
accessible  the  1929  collections  and  unpublished  data  of  0.  E.  Sette. 
Alfred  Perlmutter  provided  unpublished  material  from  the  1938 
survey  of  Long  Island  waters  and  helped  in  identifying  certain  larvae. 
Special  collections  were  made  with  the  help  of  Captain  Herman  R, 
Glas,  skipper  of  the  Shako  Wheeler,  the  Gargano  Brothers  who 
fish  aboard  the  Two  Brothers,  Jack  Fu,  Harvard  1957,  and  R, 


238  Bulletin  of  the  Bingham  Oceanographic  Collection  [XV 

Wade  CoviU,  Yale  1957.  To  all  I  extend  my  gratitude  and  appre¬ 
ciation. 

Special  thanks  are  extended  to  Mr.  Louis  K.  Mowbray,  Yale  1955, 
who,  with  patience  and  thoroughness,  sorted  most  of  the  material, 
identified  and  measured  some  of  the  samples,  and  prepared  all  of  the 
menhaden  data  as  well  as  some  of  the  rockling  material. 

MATERIALS  AND  METHODS 

Oblique  zooplankton  tows  from  L.  I.  S.  from  March  1952  until 
March  1954  were  taken  at  a  speed  of  two  knots  with  a  12.5  cm  No.  2 
net  attached  to  a  Clarke-Bumpus  sampler.  Each  entire  15-minute 
sample  was  immediately  preserved  in  a  10%  solution  of  neutralized 
formalin  and  sea  water. 

The  tows  were  taken  regularly  at  stations  1,  2,  5,  and  8  (see  Riley's 
Introduction  to  this  volume  for  station  positions).  Two  stations 
were  sampled  one  week  and  two  the  next  so  that  each  of  the  four 
stations  was  sampled  at  biweekly  intervals.  During  the  first  year, 
two  cruises  of  wider  geographical  range  were  also  made,  one  in  June 
(hereafter  referred  to  as  the  iOO-cruise)  and  the  other  in  September- 
October  (the  200-cruise) ;  each  of  these  cruises  was  divided  into  two 
sections,  the  first  part  to  the  eastern  end  of  the  Sound  and  the  second 
to  the  western  end  a  week  later.  On  these  cruises,  samples  were 
taken  at  some  20  stations,  from  the  Race  at  the  eastern  end  to  Execu¬ 
tion  Rock  at  the  western  end.  A  third  long  trip  (the  300-cruise) 
in  the  spring  of  1953  was  cut  short  by  poor  weather.  No  samples 
were  taken  on  the  bottom  during  any  of  these  cruises. 

For  various  purposes,  special  tows  were  taken  at  different  times 
throughout  the  two  years.  Studies  were  made  of  the  eggs  and  larvae 
from  hauls  taken  with  the  closing  nets  at  two  different  depths  as 
well  as  from  night-day  collections  (see  R.  J.  Conover  in  this  issue). 
Seven  hauls  were  taken  in  April  and  May  1954  to  compare  the  catch 
in  two  nets  tewed  simultaneously,  one  being  a  12.5  and  the  other  a 
30  cm  net, 

A  few  samples  of  demersal  juveniles  were  taken  aboard  the  Quin- 
N1FIA.C,  a  suction  oyster  dredge  operated  by  F.  Mansfield  and  Sons 
Co.  of  New  Haven,  Conn.  This  apparatus  sucks  oysters  and  other 
organisms  from  the  bottom  through  a  rubber  and  steel  pipe  attached 
amidships  (for  details,  see  Anonymous,  February,  1948),  and  it  was 
possible  to  hang  a  net  so  as  to  sample  the  small  demersal  fish  from 
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the  overflow  of  water,  but  this  method  of  sampling  did  not  produce 
quantitative  estimates. 

After  the  eggs  and  larvae  had  been  removed  from  the  plankton 
sample  they  were  identified,  counted,  and  measured.  The  samples 
were  not  divided  into  aliquot  portions.  In  all  numerical  analyses  the 
exact  number  of  eggs  and  larvae  was  standardized  to  the  number 
taken  per  cubic  meter  of  water  sampled.  Usually  the  diameter  of 
all  eggs  was  measured,  but  if  numerous  eggs  of  one  species  were  found 
in  a  sample,  10  or  25  eggs  were  removed  at  random  from  tne  collection 
and  measured.  The  total  lengths  of  all  larvae  under  30  mm  were 
measured  by  an  ocular  micrometer,  but  accurate  measurements  were 
sometimes  difficult  because  the  larvae  curled. 

Identifications  were  accomplished  on  the  basis  of  known  spawning 
seasons,  diameter  size  of  egg  and  oil  globule,  presence  or  absence  of 
oil  globule  or  globules,  pigmentation  of  the  embryo,  and  comparison 
with  known  material.  The  identification  of  larvae  was  made  on  the 
basis  of  apparent  size  at  hatching,  pigmentation,  size  at  which  the 
fins  appear,  number  of  metameres,  fin  ray  counts  where  possible, 
and  comparison  with  known  material.  The  most  useful  references 
were:  Kuntz,  1914,  1910;  Kuntz  and  Radcliffe,  1917;  Welsh  and 
3 ruder,  1923;  Nichols  ana  Breaer,  1926;  Settee  unpublished  drawings 
and  descriptions  from  1929;  Hildebrand  and  Cable,  1930,  1934,  193S; 
Perlmutfcer,  1939;  Merriman  and  Sclar,  1952;  and  Bigelow  and 
Schroeder,  1953.  For  general  information  on  spawning  seasons,  growth 
rates,  and  relative  abundance,  the  following  were  helpful:  Greeley, 
1939;  Sette,  1943;  Warfel  and  Merriman,  1944;  Moore,  1947;  and 
Morrow,  1951.  Hubbs’  (1943)  classification  of  the  early  stages  was 
followed  wherever  possible. 

The  data  are  presented  in  sections  according  to  species,  following 
the  classification  of  Berg  (1940).  Methods  of  identification  are 
included  where  necessary;  spawning  seasons  and  locations  are  noted, 
and  any  variatiun  in  spawning  between  years  is  discussed;  measure¬ 
ments  of  egg  diameters  are  listed  to  demonstrate  possible  differences 
between  spawning  populations  and  to  demonstrate  the  decrease 
in  egg  size  with  progress  of  the  spawning  season;  measurements 
manifesting  possible  growth  of  the  larvae  during  the  year  and  brief 
reviews  on  the  presence  of  juveniles  are  presented  wherever  possible; 
some  environmental  factors  which  may  affect  all  of  the  above  are 
discussed;  and  comparison  with  results  of  former  surveys  are  made 
and  evaluated. 


TABLE  1.  Riutivb  Abundance  or  Ku.ii  £!oos  and  Lahvae  pan  Como  Mctru  m  L.  I.  8,  1B62-A4 
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TABLE  II,  (continued) 


Sped*  i 

Dau 

- Lame - 

Number 

Rants 

(mm) 

Clupea  harmpus 

Mar. 

1 

34.90 

Bmooriia  tyranniLS  i 

'  J  ime  "t 

l_Aug.~Dec,/ 

ISO 

2,35-20.0 

Anthoa  milcbilH  mUcbilli 

Joly-Nov. 

672 

1 . 60-28. 0 

Anpuilla  restrain 

Jar, 

1 

56,90 

Encbelycrpus  cimbrius 

April-June 

6 

2.00—4  90 

Syripnaihui  petkianus 

July 

1 

10,90 

Menidia  menidia  nclaia 

Jtmo 

1 

5.30 

Cvnosdm  retails 

July-Aug. 

14 

2 . 10-4 . 40 

Mmticirrhus  txxaiilis 

Aug, 

1 

8.70 

SUnolomus  ebrysops 

July 

4 

2. 50-3. 20 

Tauiocclabms  adspsrru * 

July-0  ct. 

10 

2.40-4. 00 

Tauloca  oniHs 

July 

1 

2.50 

Ammodvtes  amertcanui 

Dec.-May 

606 

8.10-33.5 

Scomber  teembrus 

— 

— 

— 

Porcmafjs  triarantAiu 

— 

— 

— 

Prianetus  caroUrt'Ji  1 

FrUmotus  evolans  J 

>JuIy-Aug. 

2 

2.20-3.00 

Muozocephalus  #pp. 

Mar. -Apr, 

10 

3.70-9.10 

ParjHchthys  cblcnpus 

Sept, 

1 

3.00 

LcphopseUa  apuasa  <j 

'  Juno-Julyl 
k  Sept. -Oct./ 

17 

1.80-7,30 

Limanda  fermtinea 

April 

1 

13.80 

Psrudap'euroneetes  amedcanwi 

Mar, -June 

S3 

2.80-3.50 

SpbiOertHdes  maaulaSue 

Aug. 

1 

5,00 

"Unknown  1" 

““ 

SPECIES 

Clupea  harengus  Linnaeus;  Herring 

No  demersal  eggs  were  obtained,  and  only  one  larva  (34.90  mm) 
was  taken,  at  St.  2  on  March  26,  1052.  The  fin  counts  showed  18 
dorsal  and  17  anal  rays.  According  to  Breder  (1929),  the  herring 
spawns  in  November  in  the  latitude  of  New  York,  so  this  larva  was 
presumably  the  product  of  early  to  mid-winter  spawning. 

The  water  temperature  in  L.  I.  S.  during  the  herring  spawning 
season  agreed  with  that  given  by  Bigelow  and  Schroeder  (1953) 
for  Cape  Cod  and  with  the  range  given  by  MacFarland  (1913)  for 
successful  hatching.  However,  the  bottom  salinity  in  the  Sound 
in  November,  c  28 %c,  was  lower  than  the  minimum  given  by  Bigelow 
and  Schroeder  (31.9%o)  for  successful  reproduction. 

Merriman  and  Sclar  (1952)  have  pointed  out  the  inherent  difficulties 
in  separating  larvae  of  C.  harengus  and  Brevoortia  tyrannic.  They 
identified  the  clupeoid  larvae  taken  in  fall  and  winter  from  B,  I,  S. 
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as  C.  harengus,  but  re-examination  of  these  same  larvae  by  Merriman 
and  the  author  baa  revealed  that  most  of  them  were  actually  B.  tyr an¬ 
nus.  The  length  at  which  the  anal  fin  is  formed,  30  mm  in  the  herring 
and  13-20  mm  in  the  menhaden,  was  the  dominant  consideration. 
On  this  basis,  the  small  larvae  taken  in  their  fall  tows  from 
B.  I,  S.  were  B.  tyrannus.  Some  other  specimens  (between  23  and 
27  mm)  taken  a  little  later  the  same  fall  were  so  mangled  that  re¬ 
identification  was  impossible.  The  largest  (30  mm),  taken  in  January 
1946,  was  originally  identified  correctly  as  C.  harengus. 
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Brevoortia  tyrannus  (Latrobe);  Menhaden 

This  species  usually  enters  the  Sound  in  late  spring  and  stays 
until  October,  during  which  time  it  is  caught  in  large  quantities  for 
processing  into  oil,  fertilizer,  and  poultry  feed  on  Long  Island. 

Spawning.  Kuntz  and  Radcliffe  (1917)  reported  that  menhaden 
spawn  in  summer  at  Woods  Hole,  Mass,  and  in  late  fall  and  early 
winter  in  Chesapeake  Bay.  They  suggested  the  possibility  of  two 
spawning  seasons  in  Chesapeake  Bay,  but  Hildebrand  and  Schroeder 
(1928)  maintained,  that  there  was  only  one.  Perlmutter  (1939) 
reported  spawning  from  May  until  October  in  the  Long  Island  area, 
the  height  of  the  season  being  in  May.  According  to  Bigelow  and 
Schroedcr  (1953)  the  menhaden  is  a  summer  epawner  in  the  Gulf 
of  Maine. 

On  the  basis  of  our  collections,  there  appears  to  have  been  a  con¬ 
siderable  time  difference  in  spawning  during  1952-1953.  In  1952 
two  peaks  occurred,  one  in  June  and  the  other  in  September.  During 
the  six  weeks  between  these  two  spawning  periods  no  eggs  or  larvae 
were  collected  at  the  regular  stations.  In  1953,  the  eggs  were  found 
only  from  August  until  October. 

%«.  Compared  with  the  eggs  of  other  species,  those  of  the 
menhaden  ranked  third  in  abundance  and  were  exceeded  only  by 
eggs  of  Anchoa  miichuli  mitchiUi  and  T autogolabras  adopersus.  Table 
I  shows  that  eggs  were  taken  in  1952  during  June  and  July  and  from 
August  to  October,  and  in  1953  during  September  and  October  only. 
Also,  in  1952  eight  times  as  many  eggs  were  taken  in  June  as  in  Sep¬ 
tember.  While  more  eggs  were  taken  in  1952  than  in  1953,  the  peaks 
in  September  1952  and  October  1953  were  quantitatively  equal. 
Fig.  1  shows  the  scattered  distribution  of  the  eggs  throughout  the 
Sound. 

During  the  two  years,  633  menhaden  eggs  were  taken;  the  size 
ranged  from  1.04-1.94  mm,  with  an  average  of  1.61  ±  0.05  (see  Table 
II).  These  sizes  compare  fairly  well  with  those  reported  by  Bigelow 
and  Schroeder  for  the  Gulf  of  Marne  (1,5-1. 8  mm)  and  by  Kuntz 
and  Radcliffe  for  Woods  Hole,  Mass.  (1,4-1. 6  mm).  In  Perlmutter’s 
published  data  for  the  Sound,  no  egg  diameters  were  given. 

The  surface  temperatures  when  menhaden  eggs  were  taken  ranged 
from  13.30s  to  23.25°  C  for  the  two  years.  The  lowest  temperature 
was  obtained  at  St.  119  on  June  6,  1952  and  the  highest  at  St,  5  on 
August  19,  1952.  In  1953  the  over-all  temperature  range  was  less 
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than  that  in  1952:  flora  22.50°  at  St.  5  on  August  25  down  to  18.70° 
by  October  14  at  St.  5.  Presumably  these  fish  spawn  when  the 
temperature  is  above  16°.  The  water  in  Peeonic-Gardiners  Bay 
warms  up  earlier,  and  PerLmutter  found  menhaden  spawning  there 
in  May. 


The  surface  salinities  at  the  time  the  menhaden  eggs  were  collected 
ranged  from  18.15  to  28.41%e  during  1952-1953;  the  lowest  salinity 
was  at  St.  113  on  June  5,  1952,  the  highest  at  St.  5  on  October  14, 
1953.  The  temperature  and  salinity  data  did  not  reveal  differences 
that  were  significant  enough  to  account  for  the  paucity  of  menhaden 
eggs  during  the  spring  of  1953. 

Examination  of  the  data  reveals  seasonal  differences  in  egg  diameter 
as  well  as  seasonal  and  regional  variations  in  egg  abundance.  Table 
III  compares  the  data  from  the  June  and  September-October  cruises 
in  1952  with  data  for  1953.  Also  included  for  comparative  purposes 
are  data  for  three  geographical  subdivisions  of  the  Sound — eastern, 
central,  and  western. 

The  eggs  taken  during  the  two  spawning  peaks,  in  June  and  Sep¬ 
tember-October  1952,  differed  in  size.  Those  from  the  earlier  cruise 
were  larger  than  those  of  the  later  one.  The  average  size  of  the 
eggs  decreased  in  1952,  but  no  similar  decrease  was  noted  in  1953. 


However,  the  average  size  of  the  eggs  in  the  fail  of  1952  ana  of  1953 
was  t.he  same.  Thp  oil  globule  was  noticeably  smaller  in  1S53.  The 
major  portion  of  the  spring  collections  was  taken  in  June  from  the 
eastern  part  of  the  central  area;  no  particular  concentration  appeared 
anywhere  in  the  Sound  in  September  1952. 

At  the  eastern  end,  near  the  Race,  menhaden  eggs  were  taken  at 
seven  stations.  Each  of  the  stations  was  located  within  a  few  miles 
of  the  next.  The  eggs  taken  in  June  were  noticeably  larger  than  those 
obtained  in  September,  but  there  was  no  appreciable  difference 
in  the  numbers  taken  during  either  cruise,  with  the  exception  of  St. 
115.  Possibly  the  increase  in  numbers  at  this  station  can  be  explained 
by  its  proximity  to  Peconic  Bay,  a  recognized  spawning  locale  of  this 
species  in  spring. 

In  the  east-central  section,  as  in  the  eastern  portion  of  the  Sound, 
the  average  diameter  of  the  eggs  decreased  from  spring  to  fall  and 
more  eggs  were  found  during  the  spring,  However,  in  the  west- 
central  area  a  decrease  was  noted  only  at  St.  5,  where  the  largest 
number  of  eggs  was  collected. 


TABLE  HI.  Hkahonal,  and  Kf-.oional  VAannojfa  in  AanNDANCn  and  Size  of  Eooa  or  Urevaortia  tyr annua 
Knd - -  - - Control  Portion - - . — .  - -Wcstm*  /?«,! 
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Although  only  a  few  eggv  were  taken  in  the  western  section  in 
either  spring  or  fall,  a  decrease  in  egg  size  was  evident.  (Perlmutter 
found  a  number  of  eggs  in  this  region  in  June,  but  none  in  the  fall.) 
The  October  1952  collections  may  have  been  made  after  the  end  of 
the  spawning  season.  No  doubt  the  menhaden  spawned  here,  because 
many  small  larvae  were  taken  at  this  time. 

From  the  available  data  it  appears  that  two  groups  of  menhaden 
migrated  into  L.  I.  S.  in  the  summer  of  1952.  The  first  group  arrived 
in  early  June,  moved  westward,  and  produced  larger  eggs  than  the 
menhacen  of  the  later  group,  which  had  moved  into  the  center  of 
the  Sound  by  August  19th.  In  1953  only  a  later  group  arrived  and 
produced  eggs  of  the  same  size  as  those  of  the  later  group  in  1952. 

Merriman  and  Sclar  (1952)  did  not  find  eggs  of  this  species  in  B.  I.  S., 
nor  did  Perlmutter  find  them  in  his  samples  from  B.  I.  S.  despite  the 
reported  abundance  of  eggs  in  Peconic-Gardiners  Bay.  According 
to  Bigelow  and  Schroeder,  “the  abundance  of  microscopic  plants 
in  waters  of  bays  and  estuaries  .  .  .  has  often  been  invoked  to  exnlain 
the  concentration  of  menhaden  close  to  shore.”  This  reasoning  may 
account  for  the  presence  of  this  species  in  L.  I,  S.  and  not  B.  I.  S. 
Comparison  of  data  in  Riley  (1952b)  and  in  S.  M.  Conover  in  this 
issue  shows  a  greater  abundance  of  phytoplankton  in  L.  I.  S.  than 
in  B.  I.  S.  Also,  the  plankton  populations  in  L.  I.  S.  during  June 
and  July  1952  were  greater  than  those  of  1953.  However,  the  men¬ 
haden,  in  entering  Peconic  Bay  and  eastern  L.  I.  S. ,  may  come  around 
Montauk  Point  without  entering  northern  B.  I.  S.  at  all. 

Larvae.  A  total  of  150  larvae  (2,35-20.6  mm)  was  taken  in  L.  I.  8. 
in  1952-1953.  Two  specimens  were  taken  in  June  1952,  71  in  Sep- 
tember-October  1952,  and  77  in  September-December  1853.  The 
menhaden  larvae  were  exceeded  in  abundance  by  only  those  of  Anchca 
mitchitti  mitchilM  and  Ammcdyiez  american'us.  The  numerical  ratio 
of  larvae  to  eggs  varied  as  follows  during  the  two  years:  1:2  in  1952, 
3.2:1  in  1953.  The  1952  ratio  was  high  when  compared  with  that 
of  other  species,  and  the  1953  ratio  indicates  that  we  did  not  collect 
the  eggs  at  the  time  or  location  of  greatest  spawning.  In  1952  a 
large  sampling  error,  failure  of  the  larvae  to  survive,  or  a  combination 
of  these  and  other  factors  may  account  for  the  fact  that  the  greatest, 
number  of  eggs  was  taken  in  spring  and  the  greatest  number  of  larvae 
in  the  fall. 

According  to  Bigelow  and  Schroeder  (1953),  menhaden  are  unable 
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to  survive  in  water  temperatures  below  10°  C.  Warfel  and  Merriman 
(1944)  did  not  find  juveniles  in  Morris  Cove  after  the  temperature 
fell  below  8°.  In  L.  I.  S.  the  larvae  were  not  taken  in  1952  aft-er 
the  surface  temperature  decreased  to  13.55°  (October  29  at  St.  8), 
but  in  1953  the  larvae  were  taken  until  the  surface  temperature 
decreased  below  10.30°  (December  2,  St.  1).  The  early  disappearance 
of  the  larvae  during  the  fall  of  1952  may  have  been  due  to  the  fact 
that  the  waters  of  the  Sound  cooled  faster  that  year,  since  10.30°  was 
recorded  as  early  as  November  17. 

The  salinities  where  the  larvae  were  collected  ranged  from  25.11 
(St.  1,  June  19,  1952)  to  28.44%^  (St.  1,  December  2,  1953).  Mass- 
man  (1954)  found  juveniles  in  fresh  water  35  miles  above  brackish 
water  in  rivers  of  Virginia.  Possibly  the  juveniles  had  a  greater 
tolerance  for  lower  salinities  than  the  adults. 

Comparison  of  our  data  with  those  of  others  reveals  some  pertinent 
information  about  early  growth.  Kuntz  and  Radcliffe  (1917)  reported 
that  the  newly  hatched  larva  at  Woods  Hole,  Mass,  is  4.5  mm  long, 
but  some  larvae  in  our  collections  from  the  Sound  were  as  short  as 
2.4  mm.  Considering  that  newly  hatched  larvae  appeared  constantly 
during  the  early  fall,  it  is  impossible  to  obtain  an  estimate  of  seasonal 

- __  x  -  ^ - j  _  _  t - lL  e - tt _  *1 _  i  _ 

giuvrtu  uaauu  uu  irrugLU  nr^ucuuroa.  auwcvci ,  liuto  1£*tyim7 

(12.5,  13.4,  20.0  mm  long)  were  taken  on  December  2.  1953  seven 
weeks  afrer  the  last  eggs  had  been  found.  If  we  assume  that  these 
larvae  hatched  around  October  14  and  had  grown  to  these  sizes  in 
seven  weeks,  then  their  growth  rate  must  have  been  slower  than  50 
mm  in  three  months,  as  estimated  by  Perlmutter  and  by  Warfel  and 
Merriman.  The  decreasing  temperatures  of  the  water  column  may 
have  accounted  for  this  decreased  growth  rate  in  the  Sound.  In  this 
connection  Hildebrand  and  Schroeder  (1928)  reported -that  the  growth 
rate  over  the  winter  in  Chesapeake  Bay  was  very  slow.  At  the 
present  time  an  estimated  growth  rate  of  50  mm  in  three  months 
during  the  summer  and  of  12-20  mm  in  two  months  during  the  fall 
is  the  best  available. 

Warfel  and  Merriman  (1944)  maintained  that  the  wide  fluctuations 
in  mean  length  as  well  as  the  constant  presence  of  30  mm  fish  in  each 
sample  indicated  that  successive  waves  of  different  populations  were 
moving  into  Moms  Cove.  This  phenomenon  might  be  attributed 
to  spawning  by  different  populations  at  various  times.  The  smaller 
fish  in  their  October  samples  might  have  been  products  of  late  summer 
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spawning,  the  larger  ones  the  products  of  early  summer  spawning. 
Migrations  of  juveniles  from  areas  of  Later  spawning  have  also  been 
postulated  by  Nichols  and  Breder  (1926). 

Anchoa  mitchiUi  mitchilli  (Cuv.  &  Val.);  Anchovy. 

Though  not  important  commercially,  the  anchovy  is  a  common 
prey,  hence  its  importance  to  the  economy  of  L.  I.  S.  may  be  great 
even  though  indirect. 

Spawning .  Perlmutter  (1939)  ascertained  that  anchovy  eggs  were 
the  most  abundant  of  all  species  in  Peconic-Gardiners  Bay  and  in 
L.  I.  S.,  and  Nichols  and  Breder  (1926)  and  Sumner,  et  al.  (1913) 
have  listed  it  as  abundant  in  the  summer  at  Woods  Hole,  where  it 
undoubtedly  spawns.  However,  neither  Perlmutter  nor  Merriman 
and  Sclar  found  it  in  B.  I.  S.,  possibly  because  the  area  they  sampled 
is  not  sufficiently  protected  from  the  open  sea  to  support  a  large 
population. 

Eggs .  The  eggs  of  this  species  were  more  abundant  in  our  catches 
than  those  of  any  other  fish.  Table  II  shows  a  total  of  8,333  eggs 
(0.70-1.05  mm)  for  1952-1953.  In  1952  they  were  found  from  June 
4  to  September  3,  and  in  1953  from  June  23  to  August  25.  The 
quantity  of  eggs  taken  in  i952  was  five  times  greater  than  that  in 
1953  (see  Fig.  1  for  locations  of  collections). 

In  1952  the  lowest  surface  temperature  in  which  those  eggs  were 
collected  was  13.30°  C  at  St.  119  on  June  6  and  the  lowest  salinity 
was  19.93%o  at  St.  128  on  June  11;  the  warmest  surface  temperature 
was  23.30°  on  August  12  and  the  highest  salinity  was  27.89%o  on 
August  26,  both  at  St.  8.  In  1953  the  temperature  range,  from  18.45° 
on  June  23  at  St.  1  to  23.50°  by  July  21  at  St.  1,  was  less  than  that 
in  1952;  the  salinity  in  1953  varied  between  25.15  and  27.23%c.  On  the 
basis  of  these  data  and  Perlmutter’s,  the  eggs  may  be  expected  to  occur 
anytime  after  the  temperature  of  the  water  column  reaches  13°. 
However,  in  1953  they  were  not  taken  at  the  regular  stations  until 
the  surface  temperature  was  18.45°.  Another  factor  that  may  have 
been  partially  responsible  for  their  delayed  appearance  was  the 
lower  salinity  in  the  spring  of  1953. 

In  June  1952  the  100-cruise  was  made  during  the  beginning  of  the 
spawning  season,  when  eggs  were  collected  from  14  of  the  19  stations 
scattered  throughout  the  Sound.  In  actual  numbers,  more  eggs 
were  taken  at  the  western  than  at  the  eastern  end,  perhaps  because 
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the  cruise  to  the  western  part  came  as  the  spawning  season  was  well 
underway  whereas  the  cruise  to  the  eastern  section  came  at  the 
beginning  of  the  spawning  season.  In  193S  Porlmutter  found  the 
greatest  number  of  eggs  in  Peconie  Ray  and  to  the  south  of  Long 
Island  whereas  in  L.  I.  S.  proper  he  found  comparatively  few. 

Tabie  IV  indicates  that,  on  the  whole,  anchovy  eggs  were  more 
abundant  inshore  at  Sts.  1  and  8  than  offshore  at  Sts.  2  and  5.  How¬ 
ever,  there  were  occasional  abundant  collections  of  eggs  at  Sts.  2  and 
5  also.  This  suggests  the  possibility  of  a  correlation  between  northerly 
(offshore)  winds  and  the  abundance  of  eggs  at  the  offshore  stations. 
In  Table  IV  the  number  of  eggs  is  given  for  each  collection  from  these 
four  stations  during  the  summers  of  1952  and  19.53;  also  given  is  an 
average  of  the  wind  direction  for  the  collection  date  plus  the  two 
preceding  days  (determined  from  monthly  summaries  of  the  U.  S. 
Weather  Bureau  Office  at  New  Haven,  1952-1953).  In  1952,  when 
there  was  a  prevalance  of  south  westerlies  on  or  before  the  collection 
dates  and  when  more  eggs  were  taken,  the  majority  was  found  inshore; 
on  the  other  hand  in  1953,  when  the  winds  were  more  variable  and  the 
eggs  less  abundant,  the  majority  was  found  offshore  at  St.  2.  How¬ 
ever,  when  each  collection  is  considered  individually,  the  greater 
egg  abundance  at  the  offshore  stations  does  not  appear  to  be  related 
to  wind  direction.  If  one  considers  the  data  for  St.  5  only,  it  is  seen 
that  the  greatest  fluctuation  in  abundance  during  1952  occurred 
primarily  between  June  24  and  July  8.  It  is  possible  that  eggs  were 
carried  through  this  station  on  the  ebbing  tide  which  sweeps  by  this 
location  fairly  rapidly  (Riley,  1952a),  but  since  more  eggs  were  some¬ 
times  taken  following  an  easterly  wind,  the  eggs  at  such  times  may 
have  been  prevented  from  moving  out  of  this  area  with  the  tide. 
In  1953  there  was  less  variation  in  the  numbers  of  eggs  except  at  St. 
2  on  Julyr  28,  when  a  tremendous  increase  occurred.  No  north  wind 
was  responsible.  Although  St.  1  appears  to  have  been  the  locale  of 
the  heaviest  spawning  in  1952,  it  was  not  so  in  1953.  Evidence 
suggests  that  the  large  fluctuations  that  have  been  discussed  were 
caused  by  movements  of  the  fish.  There  may  have  been  some  scat¬ 
tered  groups  of  anenovies  whose  eggs  were  found  chiefly  at  Sts.  1,  2, 
and  8  and  other  groups  whose  eggs  were  swept  through  St.  5  from  a 
more  westerly  or  inshore  locale. 

Discussion  of  the  noticeable  changes  in  shapo  and  size  of  anchovy 
eggs  is  advisable  to  aid  future  studies.  The  egg  is  elliptical  and 
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TABLE  IV.  Abundance  ot  A.  m.  mitcMIli  »s  Craic  Metes  ajjd  tub  Wlnd 
Dnmenos'  roB  tee  Date  or  CoiAEfrrioK  Pi.c«  ta^  Ttto  PastEBiKa  Dats 


Dost 

Inhere 

- Sfoitoru- 

Offihore 

Wind 

Mrettim 

l 

8 

t 

5 

1932 

VI— 4 

1.2 

— 

0.09 

— 

X W,  SB.  8 

VI-19 

123.0 

24 . 2 

— 

— 

BW,  Sff,  SW 

VI-24 

81 . 8 

— 

— 

24.5 

XE,  E,  SW 

VII-1 

— 

— . 

26.9 

— 

8,  X,  X 

YII-8 

16.7 

— 

— 

4.8 

SW,  SW.  E 

VII— 13 

63.3 

93.4 

46.1 

— 

Nff,  SW,  SW 

YII-22 

19.8 

— 

— 

7.4 

SWt  SW,  SW 

VlI-29 

— 

5.8 

12.8 

— 

SW.  SW.  JTW 

VII 1-5 

6.7 

— 

— 

9.3 

SW,  SE,  S 

VII I- 12 

— 

36.3 

37.8 

— 

E,  SW,  SW 

VHI-19 

79.8 

— 

— 

4.9 

NW,  W.  W 

VHI-26 

— 

2.4 

4.6 

— 

NW,  SW,  SW 

1933 

VI-23 

0.15 

0.16 

— 

— 

E.  SW.  W 

VI- -30 

— 

— 

0.11 

0.0 

H,  SW,  S 

VI 1-7 

0.0 

1.7 

— 

— 

B,  SE,  SW 

vn-i4 

— 

— 

0.6 

0.26 

E,  X.  E 

vn-2i 

4.2 

0  70 

— 

— 

E,  N,  X 

VI 1-2 8 

— 

— 

29.3 

0  9 

8,  8,  N 

YIII-4 

3.0 

8.4 

— 

— 

X,  X.  S 

YIII-11 

— 

— 

0.43 

2.3 

E,  8,  W 

v  ill-18 

5.5 

a  a 

— 

— 

s,  W,  X 

VI II -2.5 

— 

0.65 

0.0 

S,  BW,  SE 

Summary  of 

annual  relative  abundanoe  of  eggs  anti  larvae  at  eacc  station. 

EGGS 

1932 

31  10 

2t .  49 

17.28 

8.  88 

1953 

2.29 

8  oe 

C.S3 

0.66 

LARVAE 

1952 

2.03 

3  42 

5.94 

0.46 

1953 

0.15 

0.48 

0.69 

0.15 

contains  no  oil  globule.  Most  of  the  investigators  who  have  referred 
to  this  species  in  more  northern  latitudes  quote  Kuntz  (1914),  who 
found  that  eggs  taken  in  plankton  tows  near  Beaufort,  North  Carolina 
were  Q. 65-0.75  mm  in  length  and  about  0.55-0.61  mm  in  width. 
In  the  L.  I.  S.  survey,  usually  only  the  long  axis  was  measured,  but 
the  length  of  the  short  axis  was  ascertained  for  eggs  from  a  few  hauls 
in  June,  July,  and  August  1952.  The  shape  varied  widely  from 
nearly  round  to  long  and  narrow,  but  this  difference  appeared  to  be 
random.  The  size  plso  varied  considerably  during  the  spawning 
season.  Table  Y  summarizes  the  egg  measurements  for  each  month 
during  the  spawning  seasons  of  both  years. 
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TABLE  V,  Summary  of  MEAairREMi.vTa  op  A.  m.  mitcliUH  Eaue 


Date 

•Vo. 

meas, 

Ranee 

As.  of 
long  axis 

Ratio 
long /short 

axis 

Stand. 

dtf. 

1952 

June 

671 

0.75-1.00 

0.69 

1.17 

.040 

July 

716 

0.70-1.00 

0. 82 

1.15 

.047 

August 

481 

0.70-0.95 

0.79 

1 . 19 

.040 

Sept, 

25 

0.75-0.91 

0.80 

— 

.037 

1953 

June 

5 

0.60-0.93 

0.  66 

— 

.024 

July 

105 

0.76-0.95 

0,86 

— 

.040 

August 

1&4 

0.71-0.91 

0.  8 2 

— 

.039 

Total 

1052 

1893 

0.70-1.05 

0.  84 

— 

.045 

1053 

264 

0.71-0.05 

0.84 

— 

.039 

From  the  available  evidence  it  appears  that  the  L.  I.  S.  anchovies 
produce  larger  eggs  than  those  from  the  south.  Although  the  average 
size  within  L.  I.  S.  was  the  same  in  both  years,  there  was  considerable 
variation  within  each  year.  In  1952,  although  the  size  range  remained 
relatively  constant,  the  average  decreased  in  July  through  August 
and  then  increased  again  in  September;  in  1953  the  average  decrease 
was  less  obvious.  The  decrease  in  size  is  an  important  variable 
which  is  helpful  in  proper  identification.  While  the  shape  of  the 
engraulid  egg  identifies  it  from  those  of  other  families,  size  variations 
are  important  when  separating  the  eggs  of  two  or  more  specieo  of 
anchovies.  Since  the  phenomenon  of  decreasing  diameter  has  oc¬ 
curred  in  other  species,  possible  explanations  are  presented  in  the 
Discussion,  p.  307. 

Larvae.  Of  all  larvae  taken  during  the  summer,  these  were  the 
most  abundant  with  a  total  of  672,  of  which  520  were  obtained  in 
1952  from  July  through  October  and  152  in  1953  from  July  through 
November.  Their  length  ranged  from  1.60-28.0  mm,  The  numerical 
ratio  of  larvae  t-o  eggs  varied  from  1:14.4  in  1952  to  1:5,5  in  1953; 
as  in  the  case  of  menhaden  larvae,  sampling  errors,  failure  to  survive, 
and  other  factors  probably  account  for  this  difference  in  the  two 
years. 

Inasmuch  as  most'  of  the  larvae  were  taken  from  stations  of  greatest 
egg  abundance,  the  temperature  range  for  the  larvae  was  similar 
to  that  recorded  for  the  eggs,  excepting  St.  5  on  November  23,  1953, 
where  the  temperature  had  decreased  to  12.90s  C  when  the  larvae 
were  taken. 
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The  anchovy  tolerates  a  wide  range  of  salinity,  as  shown  by  Mass- 
man  (1954)  who  collected  adults  and  juveniles  as  much  as  40  miles 
upstream  from  brackish  water  in  Virginia  rivers.  His  recorded 
salinities  varied  between  0  and  12.6%c.  As  yet  it  is  not  known  how 
far  anchovies  travel  up  Connecticut  rivers. 

During  prolarval  and  early  postlarvai  stages,  A.  m.  mitchilli  and  B. 
tyranny*  resemble  each  other  fo'*  the  most  part,  but  there  are  tyro  pri¬ 
mary  characteristic^  by  which  they  may  be  separated:  (1)  propor¬ 
tionate  distance  from  vent  to  tip  of  tail  in  total  length,  and  (2)  the  time 
of  finray  differentiation.  In  -4.  m.  mitchilli  the  distance  from  vent  to 
tip  of  tail  is  between  25-34%  of  the  total  length  whereas  in  B,  tyrannus 
it  is  usually  between  16-25%.  In  the  former  the  dorsal  fin  rays  begin 
to  differentiate  at  5-6  mm  while  in  B,  tyrannus  they  do  not  appear 
until  9  mm  (Kuntz,  1914;  Kuntz  and  Radcliffe,  1917). 

An  estimate  of  the  early  growth  rate  from  the  1952-1953  data 
is  impossible  because  the  continual  addition  of  nowly  hatched  larvae 
masks  recognition  of  resampled  homologous  groups  and  prevents 
accurate  analysis.  Perlmutter  has  estimated  early  growth  as  about 
10  mm  per  month. 

AnguiUa  rostrata1  (Le  Seuer);  American  eel. 

According  to  Bigelow  and  Schfoeuer,  young  eels  appear  in  March 
at  Woods  Hole,  Mass,  and  in  middle  or  late  April  in  Narragansett 
Bay,  Rhode  Island.  Nichols  and  Breder  (1926)  have  reported  that 
elvers  were  common  in  April  in  bays  and  estuaries  of  the  New  York 
area.  In  L.  I.  S.,  one  elver  56.90  mm  long  was  taken  on  January 
27,  1953  at  St.  8;  not  only  did  it  appear  earlier  than  usual  but  it  was 
larger  than  those  previously  taken  by  others  during  the  spring.  It 
may  have  been  a  product  of  earlier  spawning. 

Eels  have  been  collected  by  Perlmutter,  by  Greeley,  and  by  Warfel 
and  Merriman  in  their  surveys;  they  have  also  been  taken  with  the 
oyster  vacuum  dredge  in  June.  The  commercial  catch  of  eels  from 
Connecticut  rivers  (12,700  pounds  in  1951)  varies  little  from  year 
to  year. 

Enchelyopus  cimbrius  (Linnaeus);  Four-bearded  rockling, 

The  rockling  inhabits  areas  of  soft  bottom  from  the  Gulf  of  St. 
Lawrence  to  Cape  Fear,  N.  C.  and  is  usually  found  at  depths  of 

1  The  specific  name  is  listed  in  Ege’s  (1930)  revision  of  the  genus  Anguilla. 
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25-800  fathoms  (Bigelow  and  Schroeder,  1953).  West  of  Cape  Cod, 
where  it  is  known  to  occur  in  depths  of  5.5  to  9.0  fathoms,  it  ha a  been 
recorded  in  abundance,  in  L,  I.  S.  in  the  area  from  Bridgeport  to 
Larchmont  (early  summer,  1914)  and  in  Smithtown  Bay  (Nichols 
and  Breder,  1926).  However,  it  has  been  taken  so  seldom  in  trawl 
nets  in  thia  area  that  it  is  unfamiliar  to  commercial  fishermen. 

Spauming.  Spawning  may  begin  any  time  from  late  winter  to.  late 
spring,  depending  upon  the  latitude.  The  depths  at  which  eggs 
and  larvae  have  been  collected  vary.  Dannevig  (1918)  noted  that 
the  rockling  spawned  in  May  and  June  in  shallow  areas  on  the  east 
coast  of  Canada,  More  recently  in  Europe,  Maiikowski  (1948) 
reported  that  eggs  were  found  from  May  through  July  in  the  deeper 
regions  of  the  Gdansk  Gulf,  Poland;  in  this  case  the  spawning  location 
may  have  been  limited  by  the  lower  salinity  inshore.  In  the  southern 
New  England  area,  Perlinutter  collected  eggs  in  May  and  June  and 
juveniles  from  May  until  October  in  widely  separated  places  of  varying 
depths  down  to  48  fathoms.  Merriman  and  Sclar  (1952)  collected 
no  eggs  from  B.  I.  S.  at  any  time,  and  John  Colton,  aboard  the  Alba¬ 
tross  hi  (personal  communication),  found  no  evidence  of  spawning 
in  B.  I.  S.  or  in  the  area  4-5  miles  south  of  Long  Island  during  the 
nnring  of  1953.  However,  Colton  did  collect  eggs  and  larvae  20  miles 
south  of  Long  Island  and  in  numerous  deeper  areas  to  the  eastward. 
In  L.  I.  S,  the  eggs  and  larvae  were  collected  from  late  winter  through 
late  spring  1952-1953  in  areas  where  the  depth  varied  from  8  to  60  m 
(4.4-32.8  fathoms). 

Eggs.  The  eggs  of  the  rockling  ranked  fourth  in  total  abundance, 
and  from  March  to  mid-May  they  were  more  common  than  those 
of  any  other  species.  A  total  of  595  eggs  (0.74-1.12  mm)  was  taken 
during  this  survey. 

In  1952,  377  eggs  were  taken  from  March  13  to  June  11,  and  in 
1953,  206  eggs  were  collected  between  March  2  and  June  1.  In  1954 
they  were  found  as  early  as  February’  10.  The  height  of  the  spawning 
season  in  1952  occurred  during  May  and  in  1953  during  April, 

The  water  temperatures  when  they  were  collected  were  lower  than 
13°  C,  which  Battle  (1929)  found  was  the  minimum  limit  for  normal 
egg  development.  Battle,  as  a  result  of  studies  of  the  effect  of  various 
temperatures  and  salinities  on  the  developing  egg,  reported  that 
normal  development  for  this  species  took  place  between  13-19” 
at  a  wide  range  of  salinities,  18.5-45.0^.  As  would  be  expected, 
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the  percentage  of  eggs  that  developed  normally  declined  rapidly 
aa  unfavorable  conditions  increased.  She  also  discovered  that  the 
spawning  peak  in  Passamaquoddv  Bay  occurred  when  the  temperature 
was  9-10°  (1930).  In  L.  I.  S.  the  surface  temperatures  during  which 
the  eggs  first  appeared  were:  1952-3.10°;  1953 — 3.40°;  and  1954 — 
1.15°;  at  the  end  of  the  spawning  season  the  wannest  surface  tem- 
peratures  were:  1952 — 16.10°;  1953 — 13.85°  C.  During  these  times 
there  was  little  temperature  gradient.  The  rockling  appeared  to 
stop  spawning  in  this  area  as  the  temperature  of  the  water  column 
approached  the  13-19°  optimum  limit  reported  by  Battle.  The 
peak  of  spawning  in  L.  I.  S.  occurred  at  temperatures  of  8-9°  in  1052 
and  of  6-8°  in  1953. 

Eggs  occurred  at  a)l  of  the  regularly  sampled  stations  and  at  many 
of  the  100-  and  300-cruise  (April,  1953)  stations.  At  the  regular 
stations,  more  eggs  were  collected  at  Sts.  1  and  5  than  at  2  and  8, 
perhaps  due  to  the  more  westerly  position  of  Sts.  1  and  5.  Supple¬ 
mentary  data  (see  Table  VI)  from  the  long  cruises  suggest  that  the 

TABLE  VI.  Heoiokax.  Abtodaxcb  or  E.  cimbriuj  Eooet  L.  I.  S.  raow 


Mach  3952 

thsouoh  June  1953 

£c 

■try  .  _i  . 

Vtrwi 

'5i  a  vt  inm 

rr  cmc 

r  r»  lino* 

St. 

Eggs/m* 

St. 

ZiffCl/m' 

SL 

Eggtfrrs 

117 

0.11 

101 

0.44 

128 

0.12 

313 

0.11 

103 

0.55 

129 

0.45 

814 

0.28 

105 

0.34 

180 

0.37 

310 

0.33 

107 

1,02 

131 

0,75 

318 

0.20 

305 

2.0-i 

320 

0.09 

309 

0.57 

13St  1SSS 

1 

1,09  0,68 

2 

0.57  0.49 

5 

1.39  1.19 

8 

0.04  0.10 

t  No  eg»a  talcen  at  unlisted  stations, 

•  Inclement  weather  prevented  collections  during  the  second  ball  of  the  300-crulse  to 
the  western  end  of  the  Sound. 


rockling  spawned  more  heavily  in  the  western  and  central  regions 
than  in  the  eastern  end  of  the  Sound. 

From  an  analysis  of  egg  measurements  of  nearly  every  collection 
(Table  VII),  the  monthly  averages  of  egg  diameter  and  size  range  for 
1952  are  nearly  equal  to  those  for  1953.  However,  a  decrease  in 
diameter  wa a  noted  as  each  spawning  season  advanced.  The  recorded 
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TABLE  VII.  ScvfMABT  of  MBA£traB*refrr«  of  E.  cimbtius  Eoob  teom  L.  I.  S, 
raox  Masch  1052  thbocoh  Maech  1954 

- - Eggs - >  - - Oil  GlobuUt - - - . 


Date 

No, 

Range 

At, 

diCfTL 

Stand. 

dec. 

.Vo. 

meab. 

Range 

Ac. 

diom, 

%  eggi 
with  1 
oil  glob. 

1352 

Mar. 

63 

0.88-1 . 12 

0.95 

.039 

113 

0.05-0.30 

0.15 

85.7 

April 

106 

0.82-1.00 

0,92 

.040 

172 

0.10-0.35 

0.15 

64.0 

Mar 

163 

0.75-0.93 

0.84 

.042 

206 

0.05-0.2S 

0.14 

74,0 

June 

45 

0.74-0.93 

O.S2 

,037 

52 

0.05-0.22 

0.15 

90.0 

1953 

Mar. 

SO 

0.79-0.99 

0.93 

.040 

21 

0,18-0,30 

0.22 

41.0 

April 

120 

0.83-1,00 

0.92 

.036 

55 

0.14-0,35 

0.1S 

75.0 

May 

19 

0.76-0. S9 

O.S4 

.022 

114 

0.11-0.28 

0.18 

73.0 

Jcme 

8 

0.81-0.35 

0.83 

.010 

40 

0.12-0.22 

0.16 

87.0 

1954 

Eeb. 

3 

1.00-1.05 

1.01 

.019 

Mar. 

9 

0.90-1.03 

0.97 

.035 

— 

— 

— 

— 

Totals 

1952 

377 

0.74-1.12 

0.88 

.037 

543 

0.05-0.30 

0.15 

1953 

177 

0.76-1,00 

0,91 

.033 

230 

0.11-0,30 

0.17 

— 

decrease  ia  large  enough  to  be  important  in  any  future  identification 
of  these  eggs. 

Shrinkage  of  the  eggs  (see  Discussion,  p.  307)  may  be  related  to  the 
length  of  time  they  are  preserved  before  being  measured,  but  in  all 
probability  other  factors  are  more  influential.  In  the  case  of  the 
rockling,  eggs  taken  from  March  through  May  1952  ana  from  March 
through  June  1953  were  measured  6-8  months  after  they  were  pre¬ 
served  whereas  those  taken  in  June  1952  during  the  300-cruise  were 
measured  15  months  after  preservation;  measurements  indicate  that 
shrinkage  had  been  uniform  regardless  of  the  time  internal  between 
preservation  and  measurement.  A  few  of  the  March  through  June 
1953  eggs  were  measured  again  after  12  to  16  months  preservation, 
and  they  showed  varying  amounts  of  further  shrinkage.  During 
the  spring  of  1954,  rockling  eggs  from  special  tows  were  immediately 
measured  after  preservation,  after  which  they  were  put  aside  for 
comparative  measurements  at  the  end  of  6  and  12  months.  It  ap¬ 
pears  that  the  greatest  amount  of  shrinkage  occurs  within  the  first 
six  months,  but  final  results  await  further  investigation. 

Larvae.  Eight  larvae  (2.00-4.90  mm)  were  taken  in  1952-1953. 
Six  were  collected  between  May  1  and  June  5,  1952,  one  on  April 
9,  1953,  and  one  on  April  15,  195C.  The  numerical  ratio  of  rockling 
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larvae  and  eggs  was  lew  when  compared  to  that  of  either  menhaden 
or  anchovy.  In  1952  this  ratio  was  1:63,  in  1953  1:103.  Possibly 
mortality  during  development  is  higher  in  the  rockling  than  in  that 
of  the  other  two  species. 

According  to  Battle,  incidence  of  abnormal  development  of  the 
i&rvae,  as  indicated  by  contorted  bodies  and  enlarged  pericardial 
cavities,  increased  below  13®.  As  seen  in  Table  VIII,  most  of  our 
larvae  were  taken  in  water  less  than  13.0°,  but  only  one  abnormality 
was  noted,  that  being  an  enlarged  pericardial  cavity  in  the  larva  from 
St.  8  (May  1,  1952). 


TABLE  VIII. 

StnotAar  or  Aucsttuxcs  x.vd  She  or  E.  ein&rlus  Labvj 
nsu  h.  I.  S.  m  1052-1963 

.Vo.  Sur/. 

DaU 

su 

lar Ke 

1  emp.  °C. 

1062 

V-l 

s 

1 

2.35 

6. BO 

Y-8 

5 

1 

8.50 

10.43 

V-21 

3 

1 

4.00 

11.67 

VI-4 

107 

1 

2.00 

10.20 

VI -5 

118 

1 

2.00 

16.00 

VI-5 

11S 

1 

8.50 

14.20 

1953 

rv-s 

820 

1 

2.85 

7  .  BO 

IV-I5 

I 

1 

2.40 

0.50 

Battle  also  reported  that  larvae  from  Passamaquoddy  Bay  developed 
normally  in  salinities  of  20  to  40^.  All  of  the  L.  I.  S.  specimens 
were  taken  from  waters  having  salinities  well  within  that  range  except 
for  one  taken  at  St.  113  (June  5,  1952),  where  the  salinity  was  below 
20 %o)  this  specimen  appeared  to  be  normal.  Separation  of  the  effect 
of  salinity  and  temperature  on  development  is  probably  unrealistic 
when  dealing  with  organisms  not  raised  under  experimental  conditions. 
Our  observations  indicate  that  larval  growth  up  to  4.80  mm  will 
proceed  normally  in  L.  I.  S.  at  temperatures  below  13°  and  at  the 
usual  spring  salinities. 

Knowledge  of  growth  and  habits  of  young  rockling  is  limited. 
Huntsman  (1922)  reported  rockling  of  all  sizes  throughout  the  year  in 
the  Bay  of  Fundy  from  six  fathoms  (St.  Mary’s  Bay)  to  considerable 
depths.  Bigelow  and  Sehroedcr  assumed  that  the  young  became 
demersal  after  a  few  months  of  pelagic  life,  at  a  length  of  40-45  mm, 
since  longer  ones  were  never  found  in  their  plankton  tows  from  the 
Gulf  of  Maine.  Sumner,  et  al  (1913)  reported  ten  juveniles  about 
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1.5  inches  (40  mm)  long  for  April  (1906)  from  the  bottom  of  shallow 
tvater  at  Woods  Hole,  Mass.  Perlmutter  (1939)  collected  larvae 
and  juveniles  as  large  as  29  mm  from  May  to  July  in  his  plankton 
tows  from  all  regions  of  L.  I.  S.  except  the  central  portion;  from  July 
through  October  he  took  75-219  mm  specimens  from  bottom  or  near- 
bottom  of  the  Huntington  Bay-Coldspring  Harbor  area,  near  the 
region  where  the  1914-group  was  taken.  It  is  of  interest  to  note  that 
he  collected  no  individuals  between  29  and  75  mm.  Evaluation  of 
early  growth  rates  in  the  Sound  is  difficult  because  the  age  at  various 
lengths  is  unknown  and  because  collections  of  various  length  groups 
were  inadequate.  However,  it  appears  that  rockling  reach  a  size  of 
75-80  mm  in  the  first  year  and  up  to  200  mm  or  more  by  the  end  of 
the  second  year;  juveniles  spawned  in  shallow  water  may  remain 
there  a  year  or  two  before  retiring  to  deeper  water. 

The  rockling  is  the  only  member  of  the  Gadidae  which  was  taken 
in  this  survey.  However,  eggs  and  larvae  of  other  species  ouch  as 
G.  morrhua,  M.  bilinearis ,  and  Urophycia  spp.  were  collected  by  Merri- 
man  and  Solar  from  northeastern  B.  I.  8.,  and  P.  virena,  M.  aeglefinua, 
and  E,  cimbrius  wore  collected  by  Perlmutter  in  B.  I.  S.  and  south 
of  Long  Island.  Juveniles  of  pollack,  whiting,  squirrel  hake,  and 
tomcod  have  been  taken  in  L.  I.  S.  with  beach  seine,  oyster  vacuum 
dredge,  and  Griek  trawl.  From  the  limited  information  available, 
the  Sound  appears  to  be  a  nursery  but  not  a  spawning  ground  for 
some  gadids. 

Syngnathua  peckianua  Storer;  Pipefish 

This  species,  a  common  resident  of  the  shallow  waters  of  L.  I.  S., 
has  been  found  in  abundance  in  many  different  localities  by  Greeley, 
by  Perlmutter,  and  by  Warfel  and  Merriman. 

One  postlarva '(10.9  mm  long)  which  had  recently  abandoned  its 
parent  was  collected  at  St,  5  on  July  8,  1952,®  The  postlarvae  obvi¬ 
ously  lead  a  pelagic  existence  since  they  do  not  appear  in  the  sublittoral 
zone  until  they  are  nearly  30  mm  long  (Warfel  and  Merriman,  1944; 
Merriman,  1947). 

5  Warfel  and  Merriman  felt  that  the  breeding  season  did  not  begin  as  early  as 
March,  as  indicated  by  Bigelow  and  Welsh  (1S25),  since  they  found  no  spawning 
individuals  earlier  than  June.  Of  the  pipedsh  taken  aboard  the  oyster  vacuum 
dredge  from  tho  Lighthouse  Point  area  in  New  Ilaven  Harbor  on  May  3,  1054,  the 
mature  females  had  nearly  fully  developed  roe  but  were  not  ready  t-o  spawn  whereas 
ail  mature  males  had  empty  brood  pouches, 
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Menidia  menidia  notaia  (Mitchill) ;  Silversides. 

This  species  is  a  permanent  resident  and  spawns  from  May  until 
mid-July.  Both  postlarvae  and  juveniles  have  been  collected  pre¬ 
viously  in  L.  I.  S.,  but  since  it  usually  remains  in  brackish,  shallow 
weedy  areas,  few  would  be  expected  at  our  station  locations. 

One  postlarva  (5,3  mm  long)  was  taken  at  St.  5  on  June  24,  1052. 
Hildebrand  (1922)  claimed  that  only  by  its  larger  size  at  hatching 
and  faster  development  in  respect  to  size  could  the  larvae  of  M,  m. 
noiaia  be  distinguished  from  that  of  M.  beryllina  cerea .  Since  the 
latter  is  less  abundant  in  this  area,  inhabits  mostly  fresh  and  brackish 
water,  and  would  not  be  as  well  developed  as  M.  m.  notaia  at  5  mm, 
our  L.  I.  9.  specimen  has  been  identified  as  M.  M.  notata. 

Although  Bigelow  and  Schroeder  postulated  that  silversides  re¬ 
quire  a  temperature  of  20°  C  for  successful  reproduction,  the  data 
from  our  own  observations  and  from  those  of  Perlmutter  and  of  Warfel 
and  Merriman  suggest  that  M.  m.  notaia  reproduces  successfully  at  15° 
or  lower. 

Cynosaion  regalia  (Bloch  and  Schneider);  Weakfish. 

The  weakfish,  a  consistent  summer  immigrant,  appears  at  the  eastern 
enu  uf  the  Sound  in  May  and  in  the  central  and  western  portions  in 
June.  However,  it  does  not  approach  its  peak  of  abundance  until 
early  July. 

Sparming.  According  to  cur  data  this  species  spawned  in  1952 
from  early  June  until  late  August  and  in  1 953  from  mid-July  to  mid- 
August,  During  the  lOO-cruise  in  June  1952  the  eggs  were  found 
to  be  widely  scattered  throughout  the  Sound  (see  Fig.  1). 

Eggs,  In  1952,  93  eggs  were  taken  between  June  4  and  August  26, 
with  the  peak  of  abundance  in  early  June.  In  1953,  30  eggs  were 
collected  between  July  14  and  August  11,  with  the  peak  near  the  end 
of  July.  These  weakfish  eggs  were  compared  with  Perlmutter’s 
identified  specimens  and  with  material  at  the  U.  S.  Fish  and  Wildlife 
Service  Laboratory’  at  Woods  Hole.  Unfortunately,  we  were  not 
successful  in  our  attempts  to  carry  the  eggs  to  the  hatching  stage 
under  laboratory  conditions. 

Surface  temperatures  which  coincided  with  these  egg  collections 
increased  in  1952  from  13.80°  C  on  June  5  at  St.  115  to  22.70°  at  St. 
5  on  August  5.  In  1953  the  temperature  range  during  spawning 
was  well  within  the  limits  given  for  1952,  Although  Sherwood  and 
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Edwards  (1901)  reported  that  large  adult  weakfish  appeared  near 
Woods  Hole  when  the  temperature  was  only  10. 0°,  our  data  indicate 
that  it  does  not  spawn  until  the  water  is  close  to  13. G6.  The  com¬ 
bined  salinity  range  for  1952  and  1953  was  18,40  to  27.73^.  Lower 
salinities  in  spring  19-53  may  have  been  partially  responsible  for  the 
later  appearance  of  eggs  in  that  year. 

Although  the  eggs  were  fairly  well  distributed  throughout  the 
Sound,  more  were  collected  during  the  100-cruise  (see  Table  IX)  from 
central  regions  than  from  either  eastern  or  western  ends.  Considering 
only  the  regular  stations,  slightly  more  eggs  were  taken  at  St.  2  during 
both  years. 


TABLE  IX.  BsaioKAL  Abuxda^ce  or  C.  regalis  Kooa*  :!'  L.  I.  S.  m  1952-1953 


Eastern  End 

Central  Portion 

Western  End 

St.  Eggs/m* 

St. 

Eggstm' 

St.  Eggs/m* 

113  0.08 

103 

0  37 

131  0.47 

117  O.ll 

105 

2. OS 

107 

0,30 

109 

2.09 

111 

0.26 

mz  ms 

1 

0.12  0.13 

•i 

0.18  0.40 

5 

0.08  0.07 

8 

0.00  0.04 

*  No  eggs  -were  collected  at  stations  not  listed. 

In  Table  X,  '  h  i;sts  the  egg  diameter  for  each  month  during  the 
spawning  season  ui  i-V-2  and  1953,  it  is  seen  that  the  diameter  re¬ 
mained  constant  throughout  the  spawning  season.  Both  average 
size  and  range  were  alike  for  each  year  and  variation  in  the  standard 
deviation  was  only  0.04  and  0,02  mm,  a  considerably  smaller  range 
of  variation  than  has  been  given  in  the  literature.  Welsh  and  Breder 
(1923)  and  Pearson  (Hildebrand  and  Cable,  1934)  reported  size  ranges 
of  0.70-1.10  and  0.70-1.13  mm  respectively,  while  Merrim&n  and 
Sclar  (1952)  gave  a  range  of  0.68-1.18  mm. 

According  to  Welsh  and  Breder  (1923),  the  size  of  eggs  from  two 
different  weakfish  varied  markedly;  Hildebrand  and  Cable  (1934), 
basing  their  argument  on  a  statement  by  Delsman  (1931),  pointed 
out  that  the  eggs  may  have  been  raised  in  waters  of  unequal  density, 
which  might  produce  a  difference  in  size;  however,  they  also  pointed 
out  that  a  large  variation  in  size  under  identical  conditions  might 
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suggest  the  presence  of  two  races.  The  large  size  variation  in  eggs 
from  B.  I.  S,,  as  indicated  by  Merriman  and  Sclar,  may  suggest  the 
presence  of  more  than  one  race,  and  Perlmutter  postulated  that  local 
races  may  exist  in  L.  I,  S.r  but  the  relatively  uniform  measurements 
and  short  spawning  season  observed  by  us  in  L.  I.  S.  may  indicate 
the  presence  of  only  one. 

The  weakfish  egg  contains  from  one  to  six  oil  globules,  which  vary 
in  size  primarily  according  to  the  number  of  globules  in  the  egg. 
Note  in  Table  X,  for  1953,  that  an  increase  in  the  percentage  of  eggs 
with  more  than  one  oil  globule  is  reflected  in  the  generally  smaller 
size  of  the  globules,  When  only  one  globule  was  present  its  size 
varied  between  0.18-0,26  mm  (average  0.23  mm)  with  a  standard 
deviation  of  about  0,02  mm,  When  more  than  one  per  egg  wras 
present  the  minimum  globule  diameter  decreased  as  much  as  0.13 
mm;  the  smallest  globule  measured  0.05  mm. 

larvae.  In  1952  seven  larvae  (2. 1-4.1  mm  long)  were  taken 
during  July  and  in  1953  seven  more  (2, 8-4. 4  mm)  were  collected  in 
July  and  August.  Throughout  the  summer  these  larvae  were  taken 
more  commonly  than  those  of  any  other  species  except  A.  m.  mitchiUi 
and  T.  adepers-ae.  In  fact,  the  numerical  ratio  between  larvae  and 
eggs  was  1:2.1  in  1952  and  1:4.3  in  1953.  Since  it  is  quite  unlikely 
that  the  larvae  of  C.  regalia  were  more  easily  caught  in  the  plankton 
nets  than  those  of  other  species,  either  the  eggs  were  inadequately 
sampled  or  the  larvae  survived  better  than  those  of  other  species. 
Most  of  the  larvae  were  taken  at  St.  8,  none  were  taken  at  St.  1,  and 
only  a  few  were  found  at  Sts.  2  and  5. 

According  to  Perlmutter  and  Warfel  and  Merriman,  juveniles 
which  remain  inshore  increase  in  length  to  100  mm  by  mid-October. 
Previous  investigators  have  reported  finding  juveniles  in  river  mouths, 
and  Raney  and  Massman  (1953)  took  them  during  the  summer  in  a 
surface  tow  five  miles  upstream  from  brackish  water  in  the  Pamunkey 
River,  Virginia  where  the  salinity  was  less  than  5%c  but  where  tidal 
influence  was  still  apparent.  Their  possible  occurrence  in  Connecticut 
rivers  has  not  been  investigated. 

Menticirrhus  saxatilis  (Bloch  and  Schneider) ;  Kingfish 

A  summer  visitor  like  the  weakfish,  kingfish  usually  appear  at  the 
eastern  end  of  L.  I.  S.  in  June  and  in  the  central  portion  in  June  or 
July.  They  remain  in  the  area  until  mid-October,  by  which  time 
most  of  them  have  begun  their  southward  journey. 
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Spawning.  In  southern  New  England  waters  the  kingfish  spawns 
close  to  shore  from  June  until  August.  Perlmutter  collected  kingfish 
eggs  during  June  and  July  in  Feconic-Gardiners  Bay  and  in  inlets 
near  Moriches  Bay,  Long  Island,  which,  according  to  Welsh  and 
Breder  (1923),  are  habitats  preferred  by  spawning  kingfish.  Merri- 
man  and  Solar  collected  no  kingfish  eggs  in  their  samples  from  B.  I.  S. 
Our  data  indicate  that  kingfish  spawned  at  the  inshore  stations  from 
early  June  until  mid-July. 

Eggs.  In  both  years,  27  eggs  (0.75-0.91  mm)  were  taken;  in  1952 
10  were  taken  between  June  6  and  July  15,  and  in  1953  17  were  taken 
between  July  7  and  21.  All  of  them  were  collected  at  inshore  Sts. 
1  and  8  (see  Table  XI),  and  more  might  have  been  collected  had  the 
samples  been  taken  from  even  shallower  areas.  At  present,  M. 
sazatilis  appears  to  be  one  of  the  least  abundant  pelagic  spawners 
of  the  area  sampled. 

Temperature  and  salinity  ranges  when  these  eggs  were  collected 
were  small.  For  both  years  combined,  the  water  temperature  ranged 
from  17.00  to  22.75°  C,  the  salinity  from  24.79  to  26.71%c.  On  the 
basis  of  Pcrlmuttsr’s  data  as  well  our  own,  kingfish  apparently 
do  not  spawn  in  water  below  15°;  more  probably  it  waits  until  the 
temperature  approaches  17°. 

From  measurements  of  all  kingfish  eggs  collected  (Table  XI),  it 
appears  that  a  decrease  in  diameter  occurred  from  June  through 
July.  The  diameters  agreed  well  with  the  range  of  0.76-0.92  mm 
given  by  Welsh  and  Breder  (1923). 

Larvae.  Only  one  larva,  3.7  mm  long,  was  collected,  that  being 
taken  at  St.  5  on  August  19,  1952.  Although  the  last  eggs  in  1952 
were  collected  on  July  8,  spawning  undoubtedly  persisted  longer 
than  our  data  indicate;  Warfel  and  Merriman  also  felt  that  spawning 
continued  beyond  mid-July. 

Stenotcmus  chrysops  (Mitchill);  Scup 

During  the  last  decade  this  species  increased  tremendously  in 
commercial  importance  in  the  Connecticut  and  Rhode  Island  fisheries. 
Statistics  show  that  in  1940  the  Connecticut  catch  was  only  485,700 
pounds  with  a  value  of  $19,753,  whereas  in  1950  it  was  1,573,900 
pounds  with  a  value  of  $104,377.  In  Rhode  Island  the  increase 
was  even  more  striking:  1,398,700  pounds  in  1940  (value  $22,521) 
to  4,467,000  pounds  in  1950  (8234,553).  These  data  would  indicate 
that  either  the  commercial  demand  for  scup  increased  during  this 
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decade  or  its  abundance  in  southern  New  England  waters  had  in¬ 
creased,  or  both. 

This  species,  a  summer  visitor  to  this  area,  is  found  in  water  tempera¬ 
tures  higher  than  7.2°  C;  it  usually  arrives  in  mid-spring  and  departs 
in  October  or  November. 

Spawning.  The  scup  is  a  summer  spawner.  Perlmutter's  samples 
from  the  vicinity  of  Long  Island  contained  scup  eggs  from  May 
until  August.  Our  egg  collections  from  L.  I.  S.  proper  indicate 
shorter  spawning  periods,  from  the  end  of  May  to  the  end  of  July 
and  from  the  beginning  of  June  to  the  first  week  of  July  in  1952  and 
1953  respectively. 

Eggs.  In  1952,  172  eggs  were  collected  from  May  29  to  July  22, 
and  in  19.53  ,  37  eggs  were  taken  between  June  1  and  July  7,  giving  a 
total  of  209.  Their  size  range  was  0.85  to  1.15  mm.  The  number 
of  eggs  per  cubic  meter  in  1952  was  nearly  three  times  greater  than 
that  in  1953. 

Since  the  scup  is  demersal,  seldom  rising  far  off  the  bottom  (Bigelow 
and  Schroeder),  its  spawning  habits  would  be  influenced  more  by 
bottom  than  by  surface  temperatures.  But,  since  the  eggs  rise 
when  laid,  they  would  be  affected  more  by  surface  temperatures. 
Therefore,  both  bottom  and  surface  temperature  ranges  are  listed. 
In  1952,  hottom  temperatures  from  the  end  of  May  until  July  22 
ranged  between  10.10  and  17.80°  while  those  at  the  surface  varied 
from  13.30  to  22.75°  C.  In  1953,  bottom  temperatures  during  the 
spawning  period  ranged  from  11.25°  to  17.25°,  while  those  at  the 
surface  were  13.45  to  20.70°.  Though  taken  occasionally  in  water 
below  11°,  scup  eggs  are  not  often  found  until  the  bottom  temperature 
has  risen  above  this  point. 

When  data  from  all  of  L.  I.  S.  is  broken  down  into  regional  group¬ 
ings,  as  in  Table  XII,  it  is  seen  that  S.  chrysops  eggs  were  present, 
only  in  the  eastern  and  central  portion  of  the  Sound,  particularly 
in  the  latter;  no  eggs  wore  collected  west  of  Long,  73°  04'  W,  that  is, 
west  of  a  line  from  Port  Jefferson,  Long  Island  to  Bridgeport.,  Conn. 
(See  Fig.  1).  Of  the  regularly  visited  stations,  scup  eggs  were  most 
abundant  at  St.  8.  The  greater  number  of  eggs  at  this  Station  and 
at  St.  2  as  well  may  be  due  to  the  more  easterly  positions  of  these  two 
stations.  Porlmutter  recorded  no  eggs  west  of  Long.  73°  12'  W,  but 
he  did  find  a  large  Quantity  in  Peconic-Gardiners  Bay  and  eastward 
to  Southwest  Ledge  off  Montauk  Pt.  Since  it  is  believed  that  most 
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adult  scup  spawn  on  this  coast  in  relatively  shallow  water,  it  seems 
strange  that  Merriman  and  Sclar  found  none  in  northeastern.  B.  I.  S. 

Identification  of  these  eggs  was  difficult  for  two  reasons,  first, 
because  of  the  similarity  between  eggs  of  S.  chryscps  and  M.  bilinearie, 
and  second,  because  of  the  discrepancies  in  the  literature  and  in  our 
data  concerning  the  size  of  these  eggs.  Scup  and  whiting  not  only 
spawn  during  the  same  seasons  but  produce  eggs  which  appear  similar, 
with  an  overlap  in  size  of  both  egg  and  globule.  However,  once 
the  embryo  is  well  developed  there  is  less  difficulty;  although  the 
dursal  side  of  the  head  in  these  two  species  has  similar  pigmentation, 
the  whiting  embryo  has  a  distinct  black  vertical  band  located  across 

TABLE  XII.  Re<31o.vai.  Abundance  ot  S.  ehrysops  E003  ebom  L  I.  S.  is  1952-1953 
Nos*  Wes*  T airs  rson  rsa  W r. .stirs  End 

Eaxtem  End  Central  Portion 


St, 

Egcum1 

St 

ns 

0.17 

101 

0.09 

115 

1.60 

107 

0.22 

117 

0,98 

109 

2.64. 

118 

0.19 

111 

0.17 

119 

0.58 

12S 

3.36 

1.91 

0.47 

125 

0.38 

129 

0,22 

10  it  JOSS 

1 

U.UO  U.Oo 

2 

0.28  0.13 

5 

0.05  0.09 

8 

0.93  0.44 

its  caudal  end  from  one-half  to  one-third  of  the  distance  from  the 
tip  of  the  tail  to  the  vent;  this  is  lacking  in  scup  embryos.  No  eggs  of 
M.  bilinearis  were  collected  in  L.  I.  S. 

Regarding  discrepancies  in  egg  size,  Kuntz  and  Radcliffe  (1917) 
recorded  a  range  of  0.86-0.90  mm  for  scup  taken  at  Woods  Hole, 
and  Perimutter  gave  measurements  of  0.80-0,96  mm  for  his  66  scup 
eggs.  Our  collections,  however,  show  a  range  of  0.85-1.15  mm,  In 
view  of  the  larger  size  of  our  eggs,  their  identification  was  checked 
against  those  obtained  from  stripped  fish  taken  in  a  fish  trap  near 
Quisset  Harbor  at  Woods  Hole  (see  Table  XIII  for  pertinent  data). 
The  eggs  obtained  at  Woods  Hole  were  taken  on  two  different  dates 
and  were  preserved  in  three  different  strengths  of  formalin.  No 
apparent  difference  in  ogg  size  was  caused  immediately  by  the  difforent 
concentrations  of  formalin,  but  future  measurements  of  these  same 
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eggs  are  contemplated  to  ascertain  whether  the  combined  effect  of 
time  and  formalin  concentration  will  cause  shrinkage.  The  average 
diameter  of  the  eggs  from  Woods  Hole  was  greater  than  the  maximum 
given  by  Kuntz  and  Radcliffe,  but  it  was  slightly  less  than  that  of 
our  1952  eggs  and  about  equal  to  that  of  our  1953  eggs.  Since  the 
eggs  were  stripped  and  fertilized  prior  to  nature  spuwnmg,  they  may 
have  been  smaller  than  they  would  have  been  normally,  and  further¬ 
more,  they  may  have  had  less  time  to  absorb  the  water  from  their 
surroundings.  Oil  globules  from  the  stripped  eggs  ranged  from 

TABLE  XIII,  CoirpABiBOT!  or  tss  Sub  os-  S.  cfirysops  Eooa  Obtained  at  Woods  Hole, 
Mass,  asd  F&E&KarxD  m  Tsujee  Ditfeuent  Concsjtirations  or  Fobkaldeb-tde  in  1954 

- - Percent  formalin - < 


June  21 

J 

i 

to 

N.  tneaa. 

— 

— 

50 

Range 

— 

— 

0.89-0.09 

Av.  (tiara. 

— 

— 

0.94 

Stand,  dev. 

— 

— 

.024 

June  SC,  end  July  2 

E-qss 

No.  rr.paa. 

12 

12 

14 

«anga 

u .  O .  to 

C .  39— G .  »u 

G . 90—0 » 90 

Av.  diam. 

0.94 

0.23 

0.93 

stand,  dev. 

A  • 

♦  U  A 

.  C17 

022 

Oil  Globule* 

No.  meas. 

12 

13* 

14 

Range 

o. ie-o.20 

0.10-0.20 

0.16-0.20 

Av.  dlam. 

0.18 

0.  18 

0.18 

Stand,  dev, 

.018 

.018 

.014 

•  One  e*s  with  two  oQ  globules, 

0.10-0.20  mm  and  averaged  0.18  mm.  Usually  only  one  globule  was 
present  in  a  single  egg. 

As  shown  in  Table  XIV,  the  average  size  of  the  L.  I.  S.  scup  eggs 
was  0.99  mm  in  1952  and  0.03  mm  in  1953,  and  the  average  size  of  the 
oil  globule  wa3  0.22  mm.  Little  decrease  in  egg  diameter  was  noted 
throughout  either  spawning  season. 

Larvae.  Two  recently  hatched  larvae  (3.00  and  3.05  mm  long) 
were  taken  on  July  1  and  15  at  St.  2,  On  July  7  and  21,  1953,  two 
more  (2.50  and  3.20  mm)  were  taken  at  St.  8.  Merriman  and  Sclar 
found  only  one  larva  in  B.  I.  S.  (in  July).  Larvae  and  juvenile  scup 
are  rarely  mentioned  in  the  literature  on  L.  I,  S.  though  taken  in 
numbers  from  Peeonic-Gardiners  Bay  and  along  the  south  shore  of 
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TABLE  XIV.  Scmhasy  os  Mbabubsuskts  ot  S.  chryscrps  Eoaa 


saou  ).. 

I.  S.  i* 

1932-1953 

rU}  _ 

r>au 

iVo. 

VUC-4. 

. 

fiance 

Ar. 

diam. 

.Stonrf. 

dev. 

•Vo. 

meat. 

Av. 
diam . 

Stand, 

dJtt. 

1352 

May 

* 

X 

— 

0.95 

— 

1 

— 

0.28 

— 

June 

159 

0. 85-1. 15 

1.00 

.047 

153* 

0. 18-0.27 

0.23 

.017 

July 

9 

0.00-0,98 

0.93 

.  008 

9 

0. 15-0. 23 

0.19 

.010 

1953 

June 

15 

0.01-1.10 

1.00 

.025 

iet 

0. 16-0.25 

0.21 

.028 

July 

21 

0. 85-0.96 

0.92 

.030 

21 

0;i4-0.22 

0.20 

.022 

Total 

1952 

180 

0. 85—1 . IS 

0.S9 

.045 

153 

0.15-0,28 

0.33 

,017 

1953 

37 

0.85-1.10 

0.93 

,030 

38 

0  14-0.25 

0.20 

.027 

•  3  oli  globules  srere  squashed, 
t  2  eggs  had  2  oil  globules  apiece. 


Long  Island.  Larval  development  may  not  be  successful  in  the  two 
Sounds,  but  more  likely  juveniles,  not  abundant  in  the  previously 
sampled  shore-line  communities,  remain  in  deeper  water  or  migrate 
from  the  Sound  during  late  summer. 
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Tautoga  cmitis  (Linnaeus) ;  Tautog 


Gunner 


These  two  species  are  considered  jointly  because  the  eggs  are 
nearly  identical  in  appearance  and  occur  at  approximately  the  same 
time  and  location.  Both  species  are  common  residents  of  L.  I.  8., 
particularly  in  water  of  less  than  10  fathoms.  The  cunner  frequents 
pilings,  floats,  and  eel  grass  ( Zostera )  during  summer,  and  the  tautog 
haunts  mussel  beds  and  particularly  rocky  places  such  as  breakwaters 
and  reefs. 

Spauming.  The  spawning  season  of  the  cunner  is  sometimes  more 
prolonged  than  that  of  the  tautog,  as  in  1952  in  L.  I.  S.,  when  our 
observations  confirmed  those  of  Perimutter.  In  1953,  however,  the 
spawning  season  of  these  two  species  was  essentially  the  same,  ap¬ 
parently  due  to  a  shorter  spawning  season  of  the  cunner,  Cunner 
eggs  were  taken  in  1952  from  mid-May  until  the  second  week  of 
October  while  tautog  eggs,  initially  found  on  the  same  day,  were 
taken  until  mid-July  only.  In  1953,  eggs  of  both  species  wrere  found 
from  the  end  of  May  until  mid-August. 

Eggs.  A  total  of  2,105  cunner  eggs  (0.76-1.03  mm)  and  340  tautog 
eggs  (0.91-1.15  mm)  wrcrc  taken  in  the  two  years  (Table  II);  in  1952, 
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848  cunner  eggs  between  May  21  and  October  8,  211  tautog  eggs 
from  May  21  to  July  15;  in  1953,  1,257  cunner  eggs  and  129  tautog 
eggs  between  May  25  and  August  IS.  In  abundance,  cunner  eggs 
were  second  only  to  those  of  A.  m.  raitchilli. 

Although  Johansen  (1925)  found  cunner  eggs  in  the  Gulf  of  St. 
Lawrence  in  water  of  4.79°  C,  Perlmutter  took  them  at  a  minimum 
of  only  7.89°.  In  L.  I.  S.,  neither  cunner  nor  tautog  eggs  were  taken 
at  temperatures  below  10,0i°.  In  1952  and  in  1954  they  were  taken 
when  the  water  reached  10°,  but  in  1953  they  were  taken  10  days 
after  the  water  reached  this  temperature.  Some  other  factor  may 
have  caused  this  10-day  difference.  Possibly  it  was  due  to  a  lower 
salinity  that  resulted  from  heavy  precipitation  in  1953. 

Both  cunner  and  tautog  spawned  throughout  the  entire  Sound 
(see  Fig.  1,  Table  XV)-  According  to  the  100-cruise  data,  the  cunner 
spawned  more  heavily  at  the  western  end  than  at  either  the  central 
or  eastern  portions  of  the  Sound,  and  furthermore,  it  spawned  more 
heavily  in  all  regions  than  did  the  tautog.  The  spawning  of  the 
tautog  at  the  western  end  of  the  Sound  was  almost  as  great  as  that 
at  the  eastern  end,  but  in  the  central  area  it  was  considerably  less 
than  that  at  either  end.  The  data  from  the  regular  stations  confirm 
the  opinion  that  both  species  tend  to  be  inshore  spawners,  tho  cunner 
more  so  than  the  tautog.  The  fluctuations  in  egg  abundance  at  the 
stations  were  notable,  as  indicated  by  a  ten-fold  increase  of  cunner 
eggs  at  St.  2  in  1953. 

The  annual  variation  of  these  species  (see  Table  XV)  was  of  the 
same  order  of  magnitude  as  that  of  weakfish,  soup,  kingfish,  and 
menhaden,  but  it  was  less  than  that  of  the  anchovy  and  greater  than 
that  of  the  rockling.  Greater  variation  in  egg  abundance  is  expected 
among  schooling  species,  but  such  was  not  always  the  case.  Whereas 
menhaden  and  anchovy  are  schooling  forms,  cunner  and  tautog  are 
semischooling,  but  cunner  egg  collections  sometimes  fluctuated  as 
much  as  those  of  the  anchovy.  While  less  eggs  of  menhaden,  anchovy, 
rockling,  et  al.  were  taken  in  1953  than  in  1952,  less  eggs  of  the  cunner 
were  taken  in  1952  than  in  1953.  It  appears  that  the  number  of 
eggs  of  this  shallow  water  fish  at  any  one  station  does  not  depend  on 
variations  in  surface  movements  produced  by  differences  in  prevailing 
winds  and  recognized  by  changes  in  the  inshore  horizontal  density 
gradient  (see  Riley’s  Physical  Oceanography  in  this  issue).  In 
1952,  when  there  was  considerable  offshore  water  movement,  more  eggs 
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TABLE  XV.  Regional  Abcttoancb  07  T.  adtpersus  and  T.  onitis  Eoos  and 
Labvae  seom  L.  I.  9.  in  1062-1S53 

EGOS 


Eastern  End - — .  . - Cenlrcl  Portion - -  . - -Western  End- 


T.  adtpcr. 

T.  onilis 

T.  adsprr. 

T.  c mitU 

T.  aAsper. 

T.  onitu 

SI. 

Effff s/m’ 

EMUrti1 

St. 

■EptfS/m* 

Etfs/m* 

SL 

Ectn/m » 

Ews.m1 

113 

0.00 

0.26 

101 

1.77 

0.71 

128 

1.57 

0.96 

Hi 

0.08 

0.02 

103 

0.09 

0.00 

129 

3.28 

1.19 

117 

0.79 

0.45 

106 

0.00 

o.oe 

160 

3.63 

0.83 

118 

6.07 

2.59 

107 

0.00 

0.07 

181 

4. 84 

i.ai 

lie 

0.86 

0.48 

111 

0.86 

0.17 

241 

0.09 

0.00 

121 

1.10 

0.85 

126 

0.89 

0.76 

126 

10.44 

0.55 

Total 

1.58 

0,95 

TotaJ 

1.84 

0.17 

TotaJ 

8.24 

0.73 

1162  test 

tsst  mss 

1 

1.1  1.6 

0.72  0.22 

2 

0.11  1.1 

0.00  0.21 

£ 

0.14  0.11 

0.04  0.00 

8 

4.5  8.5 

0.30  0.90 

LAiiVAE 

T. 
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T.  onUis 
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IS  Si 

No. 

mm 
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mm 

St.  1 

6 

2.7-3. 6 

— 

— 

2 

x 

1 

n 

2.4 

— 

— 

o 

8 

u 

i 

2.5 

_ _ 

— 

241 

i 

2.8 

— 

— 

243 

i 

2.5 

— 

— 

244 

i 

2.7 

— 

— 

19SS 

et.  i 

2 

8.2-3. 3 

— 

— 

2 

r 

2 

A 

8, 1-4.0 

— 

— 

o 

s 

w 

1 

2.7 

1 

2.5 

were  collected  at  St.  1  (inshore)  than  elsewhere,  while  in  1663,  when 
there  was  less  offshore  movement,  more  eggs  were  taken  at  St.  2 
(offshore).  However,  at  St.  8  (inshore)  twice  as  many  eggs  were 
taken  in  1953  than  at  the  same  station  in  1952.  No  definitive  ex¬ 
planation  for  differences  in  egg  abundance  between  1952  and  1953 
has  been  ascertained. 

Until  the  embryo  is  developed,  size  is  the  only  criterion  by  which 
the  eggs  of  these  two  species  may  be  distinguished.  Previous  workers 
have  recorded  a  considerable  raDge  in  diameter  for  cunner  and  tautog 
eggs.  Kunt-z  and  Badciiffe  reported  that  living  eggs  of  the  cunner 
from  Woods  Hole  ranged  from  0.75  to  0.85  mm  and  those  of  the 
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tautog  from  0.90  to  1 .00  mm.  For  stripped  cunner  eggs  from  Peconic 
Bay,  Peximutter  obtained  a  range  of  0.84-1.00  mm  and  an  average  of 
0.96  mm;  for  106  naturally  spawned  tautog  eggs,  the  range  was  1.00- 
1,20  mm.  Merriman  and  Solar  collected  only  cunner  eg gs  in  B.  I.  S., 
the  majority  of  which  varied  between  0.75  to  0,85  mm,  with  some  as 
large  as  1.30  mm.  They  assigned  the  largest  eggs  to  the  cunner 
rather  than  the  tautog  because  the  eggs  of  two  different  species  in  the 
same  haul  would  not  be  consistently  in  the  same  stage  of  development 
and  because  more  cunner  larvae  were  collected.  In  L.  I.  8.,  the  cunner 
egg  diameters  (see  Table  XVI)  were  smaller  than  those  given  by 


TABLE  XVI.  SosmAHT  o»  MzAatrazuxKrs  o»  T.  adspernu  (A)  mu  T, 
Eoos  rson  L.  I.  8.  ns  1852-1953 


Dal* 

So. 

mas, 

Ran# 

Ac.  Ham, 

Stand,  det. 

A 

o 

A 

O 

A 

O 

A 

O 

1052 

M  »y 

106 

28 

0.82-0  95 

1,01-1.14 

0,90 

1,09 

.038 

.041 

June 

475 

148 

0,78-1.03 

0.95-1.14 

0.87 

1.04 

.032 

.030 

Jury 

13i 

4 

0.75-1.00 

0.92-0.99 

0.84 

0.95 

.030 

.035 

Ao*. 

12 

0 

0. 81-0,93 

— 

0.84 

— 

.075 

— 

Sept. 

I 

0 

— 

— 

0.81 

— 

— 

Oct, 

1 

0 

— 

— 

0.84 

— 

— 

— 

1953 

26 

IB 

0.88-0.96 

1.01-1.15 

0.91 

1.09 

,028 

.033 

Jana 

118 

47 

0. 78-0.95 

0.97-1.14 

C.CS 

in* 

033 

.038 

July 

110 

5 

0.78-1.00 

0.94-1.02 

0.84 

0 .  tt) 

.048 

.025 

Aug. 

21 

3 

0.78-0.85 

0.91-0.98 

0.82 

0.94 

.020 

.038 

Totals 

1952 

726 

178 

0.78-1.03 

0.94-1.15 

0.88 

1.05 

.050 

.030 

1953 

270 

71 

0.76-1.00 

0  01-1. 1ft 

0.86 

1,05 

.040 

.030 

Peilmutter  but  they  agreed  well  with  the  figures  of  Kuntz  and  Rad- 
cliff e.  Possibly  the  difference  between  Perlmutteris  measurements 
and  ours  is  due  to  the  presence  of  two  races  of  dinners.  The  mean 
diameter  and  range  of  tautog  eggs  in  L.  I.  S.  were  greater  than  the 
figures  given  by  Kuntz  and  Radcliffe  but  were  similar  to  those  of 
Perlmutter. 

Table  XVI  shows  that  there  is  considerable  overlap  in  the  size 
range  of  the  eggs  of  these  species.  In  May  and  Juno  the  size  difference 
was  sufficient  for  distinction,  but  in  July  and  August,  the  critical 
months,  the  egg  size  was  similar  enough  so  that  clear-cut  differentia¬ 
tion  was  difficult.  During  the  first  two  weeks  of  July,  the  number 
of  tautog  eggs  between  0.90-1.00  mm  increased  from  15  to  80%  of 
the  total  number  of  tautog  eggs,  whereas  the  number  of  cunner  eggs 
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in  this  range,  originally  15%  of  the  total  number  of  dinner  eggs, 
decreased  to  10%.  Thus,  the  overlap  at  this  size  range  was  much 
greater  in  July  and  August  than  at  any  earlier  time  of  the  year.  Also, 
in  July  and  August  1952  a  few  large  eggs  were  listed  as  cunner  (Table 
XVI).  In  1952,  relative  to  June,  the  standard  deviation  increased 
in  July  and  August,  particularly  so  in  the  latter  month,  which  indicates 
that  either  the  variation  in  egg  size  increased  greatly  or  the  eggs  were 
incorrectly  identified.  However,  although  the  standard  deviation 
in  July  1953  was  greater  than  that  in  June  1953,  it  was  less  than  that 
of  July  1952;  in  August  1953  it  decreased  relative  to  August  1952 
and  July  1953.  In  further  investigation  of  this  question,  two  un¬ 
preserved  tows  from  Sts.  1  and  3  on  July  8,  1954  were  examined. 
It  was  found  that  larvae  of  the  tautog  hatched  from  the  larger  eggs 
and  of  the  cunner  from  the  smaller  ones.  It  was  concluded  that: 
(1)  difficulty  in  separation  may  have  been  partially  responsible  for 
such  a  large  standard  deviation  in  cunner  egg  measurements  in  July 
and  August;  (2)  the  larger  eggs  found  by  Merriman  and  Sclar  (those 
over  1.09  mm)  may  have  been  tautog  eggs  or  they  may  have  been 
cunner  eggs  from  a  group  in  B.  I.  S.  and  Peconic  Bay  which  normally 
produces  larger  eggs.  On  the  basis  of  our  present  data,  the  presence 
of  more  than  one  race  of  cunners  cannot  be  postulated  for  L.  I.  S. 

Larvae .  In  all  collections,  only  one  tautog  larva  (2.5  mm)  was 
taken,  that  at  St.  8  on  July  21,  1953,  whereas  16  cunner  larvae  were 
taken  from  the  regular  stations  and  from  three  stations  at  the  western 
end  of  the  Sound:  11  (2. 4-3. 5  mm)  in  1952  between  August  12  and 
October  9  (Table  XV)  and  5  (2.65— ...6  mm)  in  1953  between  July  7 
and  28.  The  numerical  ratio  of  cunner  larvae  to  eggs  was  1:77  in 
1952  and  1:257  in  1953. 

In  1952,  surface  temperatures  where  cunner  larvae  were  found 
ranged  from  22.80°  at  St.  2  on  August  12  to  19.10°  C  at  St.  243  on 
October  9.  The  surface  salinity  during  this  period  varied  between 
27  and  30%. 

According  to  reports,  juvenile  cunners  in  this  area,  probably  attain¬ 
ing  a  size  of  40-45  mm  by  autumn  (Johansen,  1925),  are  widely  dis¬ 
tributed  but  only  moderately  common  in  beach  seine  hauls.  On 
the  other  hand,  the  tautog  is  taken  more  commonly  with  this  gear 
and  is  15-48  mm  by  August.  As  to  their  whereabouts,  Baird  (1855) 
presumably  found  juvenile  tautogs  in  New  Jersey  rivers;  Bean  (1903) 
and  Johansen  (1925)  reported  that  juvenile  cunners  1-2  inches  long 
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prefer  sandy  bottoms  near  shallow  river  mouths.  Gunter  (1942) 
reported  neither  species  as  occurring  in  both  fresh  or  sea  water. 
Juveniles  of  these  two  species  in  L.  I.  S.  may  not  prefer  a  salinity 
much  lower  than  that  found  near  river  mouths  in  the  spring. 

Ammodn.tes  americanvs  Be  Kay;  Sand  eel 

This  species,  a  permanent  resident  of  L,  I.  S.,  is  demersal,  Greeley 
found  that  adults  prefer  the  sandy  or  gravelly  beaches  of  the  north 
shore  of  Long  Island  to  those  of  the  south  shore.  This  species  was 
taken  in  neither  the  beach  seine  hauls  at  Morris  Cove  nor  in  the  oyster 
dredge. 

Spawning.  On  the  east  coast  of  North  America  the  sand  eel 
spawns  from  Canada  to  Virginia;  south  of  Cape  Cod  its  spawning 
is  limited  to  the  inner  half  of  the  continental  shelf  and  to  regions  where 
the  bottom  temperature  is  9°  C  or  lower  (Sette,  unpubl.),  The 
exact  time  of  spawning  has  not  been  determined,  but  postlarvae 
have  been  taken  from  January  to  March  in  the  Gulf  of  Maine  (Bigelow 
and  Schroeder)  and  from  March  to  May  at  Woods  Hole  (Sumner, 
et  al,  1913).  In  L.  I.  S.  the  larvae  were  taken  from  December  to 
May.  As  in  the  case  of  the  European  sand  eel.  the  eggs  are  probably 
demex-Btd,  which  may  account  for  their  absence  in  the  L.  I.  S.  col¬ 
lections.  Estimates  of  the  initial  occurrence  of  spawning  of  the 
American  species  is  therefore  deduced  from  studies  of  the  speed 
of  growth  of  the  embryo  and  larva  of  the  European  saud  eel. 

Ehrenbaum  (1909),  quoted  by  Einarsson  (1951),  has  given  the 
only  estimate  of  embryonic  development  time.  According  to  Ehren¬ 
baum,  the  spawning  of  A.  tebianus  occurs  in  autumn  at  about  20  m 
depth;  the  eggs  are  submersal  and  stick  to  sand  grains  on  the  bottom. 
Some  larvae  emerge  in  autumn,  but  the  majority  do  not  appear 
until  early  the  following  year,  from  January-March,  According 
to  our  data,  spawning  in  L.  I.  S.  starts  during  the  last  two  weeks  of 
November,  or  earlier,  and  continues  to  mid-February  or  March. 

Eggs.  None. 

Larvae.  A  total  of  506  larvae,  ranging  in  length  from  3.10-33.5 
mm,  were  collected  in  L,  I.  S.  in  1952-1954.  In  1952,  343  were 
taken  between  March  5  and  April  21,  87  were  collected  between 
December  15,  1952  and  May  13,  1953,  and  76  between  December  9, 
1953  and  April  27,  1954.  The  peaks  of  abundance  occurred  in  March 
of  1952  and  1953  and  in  January-Februarv  1954  (Table  I),  Compared 
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with  other  species  in  our  collections,  A.  americanus  ranked  second 
in  relative  abundance;  only  A.  m.  mitchilli  were  taken  in  greater  quan¬ 
tity.  By  May  the  larvae  had  disappeared,  presumably  to  the  bottom 
in  shallower  areas. 

The  temperature  of  the  water  column  in  L.  I.  S.  at  the  time  of  the 
initial  appearance  of  the  larvae,  during  the  first  two  weeks  of  Decom- 
berr  ranged  from  10.05-7.75“  C.  These  figures  agree  fairly  well 
with  those  recorded  by  Sette  (unpubl.)  and  Einarsson  (1951)  for  the 
first'  appearance  nf  larvae  of  A.  americanus  and  A.  lancea  lancea 
farther  offshore  in  northeastern  North  America  and  Iceland  respec¬ 
tively.  In  1953,  temperatures  in  L.  I.  S.  in  early  December  were 
higher,  between  10.80-8.25°.  Despite  small  temperature  fluctuations, 


TABLE  XVII,  RraioMAL  AstrcrBANC*  or  A.  a mtriamta  Laeva*  in  L.  I.  S.  nr  1052-1954 
N osi  Wsm  Takes  at  tbs  Eastern  End 


Central  Portion 


Western  End 


SU  Lartae/m1  St. 


SG3 

0.19 

422 

403 

0.11 

418  (T-IV) 

0.37 

518 

0,07 

iSSt 

IBIS 

IBS  4 

1 

0.27 

0.04 

0.16 

2 

2.80 

0.13 

0.10 

5 

2.70 

0.25 

1.20 

8 

0.83 

0.03 

0.03 

Lartae/m1 

0.24 


larvae  were  taken  in  L.  I.  S.  two  to  three  weeks  after  the  initial  occur¬ 
rence  of  positive  temperature  gradients  in  the  fall,  and  spawning 
terminated  in  spring  at  about  the  time  thermal  stability  was  estab¬ 
lished.  In  1953  spawning  seems  to  have  come  to  an  end  somewhat 
earlier. 

The  salinity  tolerance  of  A.  americanus  is  not  known.  In  L.  I.  S. 
the  salinities  during  the  first  two  weeks  of  December  in  1952  and 
1953  varied  between  27.98-28. 70%c  but  in  April  the  larvae  encoun¬ 
tered  salinities  as  low  as  24.18%,-. 

Larvae  were  found  more  abundantly  in  the  central  portion  of  the 
Sound  than  in  the  eastern  and  western  ends  (Fig.  1,  Table  XVII). 
During  the  300-cruise  to  the  eastern  area  in  April  1953,  no  larvae  were 
taken  except  at  St.  303,  near  fir.  2.  During  the  second  half  of  the 
400-cruise  to  the  western  end  in  April  1954,  only  two  were  taken  at 
St.  422  off  S.  Norwalk.  By  far  the  greatest  number  was  collected 
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at  the  regular  offshore  stations  where  the  depth  is  more  than  15  m. 
Though  reported  t,o  spawn  at  10  fathoms,  it  appears  that  sand  eels 
do  spawn  in  shallower  water. 

The  number  of  larvae  taken  at  the  regular  stations  in  March- 
April  1952  far  exceeded  those  taken  from  December-May  in  either 
1953  or  1954.  Such  fluctuations  may  be  partially  understood  when  it 
is  considered  that  sand  eels  form  huge  schools  which  probably  move 
about  and  spawn  at  different  localities. 

The  lengths  of  462  larvae  ranged  from  3.1  with  yolk  sac  to  33.5 
mm  with  fins  almost  completely  differentiated.  Table  XVIII  pre¬ 
sents  the  distribution  and  abundance  of  size  categories  after  the 
method  of  Einarsson:  1-4,  5-9,  10-14,  .  .  .  30-34  mm.  A  majority 
of  the  larvae  were  in  the  10-14  mm  size,  with  the  5-9  mm  category 
a  close  second.  When  seasonal  size  progression  is  considered,  varia¬ 
tions  between  the  different  years  are  noted.  In  March  1952  our 
collections  iucluded  a  few  short  larvae  of  a  size  not  collected  later 
than  January  in  subsequent  years;  this  would  seem  to  indicate  either 
slower  embryonic  development,  delayed  spawning,  or  a  prolonged 
spawning  season  in  1952.  In  March-April  1953  we  found  only  the 
larger  larvae  which  were  not  taken  before  January,  although,  as  indi¬ 
cated  earlier,  larvae  first  appeared  in  the  collections  during  the  second 
week  of  December;  the  presence  of  only  larger  larvae  in  March-April 
indicates  either  rapid  development  or  a  shorter  spawning  season  in 
1953  than  in  1952. 

From  December-May  the  average  length  increased  about  3-5 
mm  a  month,  but  this  figure  is  not  a  measure  of  the  actual  growth 
rate,  first,  because  any  noticeable  increase  is  always  influenced  by 
newly  hatched  individuals  that  enter  the  older  population,  and 
second,  because  growth  may  be  exceedingly  uneven  and  significantly 
varied  in  the  different  months  due  to  various  factors  such  as  water 
temperature,  etc.  The  decrease  in  percentage  of  those  in  the  larger 
size  categories  (Table  XVIII)  implies  that  the  sand  eels  either  migrate 
to  an  unsampled  area,  show  a  greater  ability  to  escape  the  net  at 
increasing  sizes,  or  suffer  an  increasing  mortality  at  the  larger  sizes, 
If  the  larvae  grow  as  slowly  as  it  appears,  then  they  are  probably 
subject  to  a  high  degree  of  predation  throughout  their  entire  early 
growth  rather  than  at  just  one  stage.  Hence,  net  escapement  probably 
accounts  in  large  measure  for  the  decrease  iD  percentage  of  larger 
larvae  as  compared  with  those  of  the  5-9  mm  group. 
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TABLE  XVIII.  JTttmbeb  and  Vercbktaue  or  A,  arr^riCC-rius  LaJWab 
bt  MM  Size  Cate  go  bibb  dobing  Each  Month  op  the  Spawning 
Season  is  L.  I.  S.  PBOU  1952-1954 


Date 

1-4 

J~6 

10-14 

14-19 

10-14 

a-ii 

JO-54 

1052 

Mar. 

5 

69 

123 

50 

2 

0 

0 

2  % 

28  7c 

49% 

207, 

0.8% 

0% 

0% 

Apr. 

0 

15 

18 

18 

6 

1 

0 

0  7c 

23  7c 

34  7c 

257c 

11% 

3% 

0% 

Dee. 

0 

3 

0 

0 

0 

0 

0 

0  7s 

100  7c 

0  7c 

07c 

0% 

0% 

0% 

1053 

Jan. 

0 

3 

3 

0 

0 

0 

0 

0  7c 

6H% 

a7  7c 

0  7c 

0% 

0  7c 

0% 

Feb. 

0 

0 

6 

1 

0 

0 

0 

0  7c 

0  7c 

86  7c 

14  7c 

0% 

0% 

07c 

Mar. 

0 

0 

7 

7 

0 

0 

0 

07c 

07c 

SO  7c 

50% 

0% 

0% 

0% 

Apr. 

0 

0 

1 

3 

0 

0 

0 

0  7a 

0  7c 

23  7c 

75% 

0% 

0% 

0% 

M  67 

0 

0 

0 

0 

0 

0 

1 

u7c 

0  7c 

0  7c 

0% 

0% 

0% 

100% 

Dec. 

0 

41 

0 

0 

0 

0 

0 

13  7c 

877c 

0% 

0% 

0% 

0% 

0% 

1954 

Jan. 

1 

10 

0 

0 

0 

0 

0 

5  7c 

•50  7c 

45% 

0% 

0  7. 

0% 

nw 

-  rv 

Feb. 

0 

13 

18 

3 

0 

0 

0 

0  7c 

387c 

557c 

9% 

0% 

0  7c 

0% 

Mar. 

0 

2 

3 

5 

4 

0 

0 

0 % 

18% 

19% 

31% 

25% 

0  7. 

0% 

Apr. 

0 

0 

2 

0 

3 

0 

0 

Total 

0  7c 

0% 

40  7c 

0  7c 

60% 

0% 

0% 

463 

12 

157 

193 

S3 

15 

1 

1 

3% 

34% 

42% 

18% 

3% 

0.2% 

0.2% 

Sette  (unpub].),  following  an  observation  by  Russell  (1926)  that 
the  larger  larvae  migrate  diurnaily,  found  that  the  total  ratio  of  A. 
americanus  larvae  in  surface  waters  to  deeper  layers  over  the  continen¬ 
tal  shelf  was  18-1  and  that  many  more  were  at  the  surface  at  night 
than  during  the  day.  However,  he  observed  no  depth  preferences 
associated  with  larval  size.  In  L,  I.  S.  six  tows  with  closing  nets  at 
two  levels  were  taken  March  30,  1954,  and,  although  few  larvae  were 
collected,  the  results  indicate  that  the  sand  eel,  while  preferring  the 
surface,  was  present  in  the  entire  water  column  both  day  and  night. 
It  seems  likely  that  daylight  escapement  is  a  more  important  variable 
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than  diurnal  migration,  as  in  the  ease  of  Silliman’s  (1943)  results 
with  Savdinops  caerulea. 

The  relationship  between  the  American  and  European  sand  eels 
has  never  been  completely  established,  but  the  spawning  seasons, 
larval  development,  and  vertebral  numbers  of  .A.  americanus  and 
the  lesser  sand  eels  (A.  iancea-group)  of  Europe  and  Iceland  are 
sufficiently  similar  to  warrant  consideration  cf  A.  amencanus  as  a 
subspecies.  Ernarsson  (1951)  found  that  57  “larvae  of  A.  lancea 
lancea  ( tcbianus )  over  20  mm  in  length,  taken  in  Icelandic  waters, 
had  a  mean  vertebral  count  of  63.03  while  all  other  Icelandic  3pecies 
had  over  69.  Six  larvae  from  L.  I.  S.  had  an  average  vertebral  count 
of  62.67. 


Scomber  scombrus  Linnaeus;  Mackerel 
Spavming.  Merriman  and  Scl&r  collected  mackerel  eggs  in  B.  I.  S. 
in  April-June,  and  Sette  (1943),  in  discussing  its  spawning  localities, 
wrote  that  ”.  .  .  as  far  as  is  now  known,  no  spawning  takes  place 
in  the  enclosed  bays  and  sounds  west  and  south  of  Block  Island.” 
However,  we  collected  a  small  number  in  L.  I.  S.  in  May  and  June, 
hence  there  is  at  least  a  limited  amount  of  spawning  within  this  area, 
since  it  is  highly  unlikely  that  the  eggs  in  our  collections  were  trans- 
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than  the  pen'o^  of  egg  development. 

Bigelow  and  Schroeder  indicated  that  mackerel  do  not  converge 
on  special  breeding  grounds  but  spawn  wherever  they  happen  to  be. 
It  is  likely  then  that  some  are  present  in  the  Sound  at  the  time  of 
spawning,  though  the  number  i3  probably  quite  limited  and  would 
not  attract  the  attention  of  commercial  fishermen  as  in  B.  I.  S. 


Eggs.  Eight  were  collected  in  the  first  week  of  June  in  1952  between 
Sts.  101  (1)  and  113;  only  one  was  taken  in  1953,  at  St.  2  on  May  13. 

The  water  temperatures  which  coincided  with  these  collections 
ranged  from  16.00-17.55®  C  in  1952;  in  1953,  the  surface  temperature 
at  St.  2  was  as  low  as  13.80®.  The  reported  temperature  ranges  in 
the  literature  are  13.94-17.50®  (Perlmutter),  7.3-17.6®  (Sette),  and 
4.0-app.  14.5°  (Meniman  and  Sclar).  Obviously  the  temperatures 
just  given  for  L,  I.  8.  are  within  the  upper  limits  set  by  Sette, 

The  salinity  during  the  spawning  period  ranged  from  18.15  to 
24.42%o,  which  is  much  lower  than  that  reported  for  B.  I.  S.  or  other 
areas  discussed  above.  No  evidence  has  been  found  to  indicate  that 
these  salinities  were  detrimental  to  embryonic  development. 
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Egg  diameters  in  1952  ranged  between  1.14-1.20  mm,  averaged 
1.16  mm,  and  had  a  standard  deviation  of  .014;  the  oil  globules  ranged 
from  0.24-0.30  mm,  averaged  0.28  mm,  and  had  a  standard  deviation 
of  .01  mm  The  egg  taken  in  1953  was  1.29  mm,  the  oil  globule 
0.35  mm.  These  egg  measurements  are  in  agreement  with  Sette’e 
figures  but  not  with  the  lower  limits  given  by  Merriman  and  Sclar. 
On  the  whole,  the  globules  were  slightly  smaller  than  those  measured 
by  Sette  and  by  Merriman  and  Sclar.  These  eggs  were  compared 
with  identified  material  at  the  U.  S.  Fish  and  Wildlife  Service  Labora¬ 
tory  at  Woods  Hole. 

With  so  few  eggs  collected,  it  is  not  surprising  that  larvao  were  not 
taken.  The  mackerel  is  apparently  one  of  the  least  abundant  mem¬ 
bers  of  the  spawning  population  in  the  Sound. 


Poronotus  triacanthus  (Peck) ;  Butterfish. 


This  species,  a  summer  visitor  to  L.  I.  S.,  arrives  in  May  and  stays 
until  October.  While  it  is  present  in  this  area,  it  is  frequently  taken 
in  small  numbers  by  commercial  fishermen. 

Spawning.  Our  data  indicate  a  shorter  spawning  season  in  L.  1.  S. 
than  in  B.  I.  S.  Eggs  were  taken  from  L.  I.  S.  from  mid-June  to 
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through  September  (Merriman  and  Sclar).  It  appears  that  this 
species  Hpawns  more  heavily  offshore  than  in  shallow  enclosed  areas. 

Eggs.  In  1952,  25  butterfish  egg3  (0.69H3.80  mm)  were  collected 
intermittently  from  June  19  until  August  19.  In  1953,  only  one  egg 
(0.70  mm)  was  collected,  on  July  14.  The  numbers  taken  in  these 
two  years  probably  reveal  either  a  variance  in  the  abundance  of  the 
schools  or  a  sampling  deficiency.  The  temperature  during  the  1952 
spawning  season  ranged  from  16.40-22.30®  C. 

From  our  limited  data  (Table  XIX),  butterfish  apparently  preferred 
to  spawn  offshore  at  Sts.  2  and  5  rather  than  inshore  at  Sts.  1  and  8. 
Measurements  in  this  table  are  insufficient  to  demonstrate  a  decrease 
in  average  egg  diameter  with  progression  of  the  spawning  season, 
but  the  size  range  agrees  well  with  that  found  in  the  literature. 

Difficulties  in  separating  butterfish  eggs  from  those  cf  squirrel 
hake  ( V.  chuss)  have  been  adequately  reviewed  by  Merriman  and 
Sclar.  Since  Merriman  and  Sclar’s  butterfish  eggs  could  not  be  lo¬ 
cated,  the  eggs  from  L.  I.  S.  which  we  considered  to  be  those  of  the 
butterfish  were  compared  with  specimens  taken  by  Sette  in  1929 
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as  well  as  with  others  taken  aboard  the  Albatross  iii  in  1953 
(stored  at  the  U.  S,  Fish  and  Wildlife  Service  Laboratory  at  Woods 
Hole).  Examination  of  butterfish  and  hake  eggs  together  revealed 
that  differences  existed  in  both  diameter  and  embryonic  pigment. 
The  dorsal  embryonic  pigmentation  of  the  hake  eggs,  which  are  smaller 
than  butterfish  egg3,  appeared  in  large  paired  blotches,  much  as 
illustrated  by  Perlmutter  (1939),  whereas  that  of  the  butterfish 
eggs  was  lees  pronounced  and  consisted  of  smaller  irregular  dots. 
No  eggs  of  U.  chits#  were  collected  at  any  time  in  L.  I.  S.  by  us  or  by 
Perlmutter. 

TABLE  XIX.  AstrjJDxxcs  a.vo  Sue  of  P.  trlacant) sils  Ea<3B  rstau  I*  L  S.  vt  1952-1958 

SIZE 

- - Egg* - -  . - Oil  glabule - - 


Date 

aVO. 

mea3, 

Range 

At, 

diam. 

Stand. 

dec. 

Vo. 

m£03. 

Range 

At. 

diarrv. 

Stand, 

1958 

Jane 

a 

0.74-0.78 

0.74 

.023 

9 

C. 14-0.20 

0.17 

.011 

July 

18 

0 . 70-0 .  SO 

0.74 

.035 

39 

0.15-0.22 

0.1S 

.010 

Aug. 

l 

— 

O.  69 

— 

1 

— 

0.16 

— 

Total 

23 

0  09-0.80 

0.78 

.023 

29 

0.14-0.22 

0.1S 

.014 

1953 

July 

1 

— 

0.70 

— 

2 

— 

0.15 

— 

ABVXDANCE/M* 


5.'. 

19i? 

rm 

1 

0.01 

0  00 

2 

0.21 

0.00 

5 

0.15 

0.04 

8 

0.04 

0,00 

In  comparing  butterfish  and  weakfish  eggs  at  the  lower  size  ranges, 
we  found  less  pronounced  differences  than  those  between  butterfish 
and  hake  eggs.  Eggs  of  both  butterfish  and  weakfish  were  collected 
simultaneously  from  the  same  localities  in  L.  I.  S.,  and  measurements 
of  our  butterfish  eggs  (see  Table  XIX)  agreed  well  with  those  given 
in  the  literature:  a  range  of  0.69-0.80  mm  for  the  eggs  and  an  average 
diameter  of  0.17-0.21  mm  for  the  usually  single  oil  globule.  Although 
the  size  range  of  weakfish  eggs  in  L.  I.  S.  was  0.75-0.96  mm,  for 
comparative  purposes  we  will  consider  only  those  in  the  0.75-0.80  mm 
range.  Where  there  was  more  than  one  oil  globule  in  eggs  of  this 
range,  the  globule  measured  0.05-0.20  mm;  however,  when  single 
globules  occurred,  the  average  size  was  0.23-0.24  mm.  In  butterfish 
eggs,  when  more  than  one  globule  is  present,  the  size  range  is  0,14- 
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0.22  mm.  The  dorsal  embryonic  pigmentation  of  the  weakfiah  re¬ 
sembled  that  of  the  butterfish;  in  weakfiah  embryos  the  black  pigment 
was  dispersed  to  produce  a  spotty  covering  in  the  median  dorsal 
head  region  whereas  in  butterfish  it  was  lightly  scattered  along  the 
dorsal  edges  of  both  head  and  body.  Since  fresh  material,  stripped 
from  both  species,  should  provide  a  clearer  definition,  an  attempt  was 
made  at  Woods  Hole  to  strip  and  fertilize  the  eggs,  but,  as  Xuntz 
and  Radciiffe  had  discovered  previously  in  1915,  completely  ripe 
butterfish  are  unattainable  from  the  traps  near  Quisset  Harbor. 
As  mentioned  earlier,  all  attempts  failed  to  raise  eggs  stripped  from 
weakfiah  taken  in  L.  I.  S. 

Larvae.  None. 

In  conclusion,  the  butterfish  spawning  season  in  L.  I.  S.  is  con¬ 
siderably  shorter  and  less  prolific  than  that  to  the  eastward  in  B.  I.  S., 
and  butterfish  eggs  are  difficult  to  separate  from  those  of  the  weakfish. 


Prionotus  carolinus  (Linnaeus) ;  Common  sea  robin. 

Prionotus  evolans  (Linnaeus);’  Striped  sea  robin. 

Both  of  these  species  are  commonly  found  in  southern  New  England 

love  into  deeper 
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water  (Bigelow  and  Schroeder). 

Spavming.  Perlmutter  and  others  have  affirmed  that  both  species 
spawn  in  summer  at  this  latitude,  but  Merriman  and  Sclar  collected 
neither  eggs  nor  larvae  in  B,  I.  S.  During  our  survey,  P.  carolinus 
spawned  from  the  first  week  in  June  until  the  end  of  August  in  both 
years;  in  1952  P.  evolans  spawned  from  the  first  week  of  June  to  the 
first  week  of  July,  and  in  1953  during  June  only. 

Eggs.  In  both  years,  22  P.  carolinus  eggs  (1.00-1.25  mm)  and 
25  P.  evolans  eggs  (1.05-1.25  mm)  were  taken  in  L.  I.  S.:  in  1952, 
13  P.  carolinus  eggs  from  June  4  to  August  19,  and  in  1953  only  nine 
between  June  1  and  August  5;  in  1952,  24  P.  evolans  eggs  from  June  4 
to  July  8,  and  in  1953  only  one  on  June  15. 


*  Ginsburg  (1950)  investigated  the  populations  of  P.  evolans  along  the  Atlantic 
Coast  of  North  America  and  found  that  there  is  no  basis  for  separating  P.  evolans 
from  P.  slrigaius  (Cuv.  &  VaL). 

The  egg  of  this  species  has  never  been  positively  identified.  Nichole-  and  Breder 
(1929)  maintained  that  it  was  demersal  but  Marshall  (1946)  doubted  that  this  was 
so.  Perlmutter  (1939),  on  the  basis  of  its  resemblance  to  unfertilized  eggs,  made 
the  tentative  identification  followed  here.  He  reported  that  the  eggs  are  similar  in 
appearance  and  of  approximately  the  same  diameter  as  eggs  of  P.  carolinus  but  that 
the  oil  globules  are  clustered  at  one  pole  rather  than  scattered  throughout  the  yolk. 
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The  distribution  of  these  two  demersal  species  is  similar  (Ginsburg, 
1950).  Although  P.  evolans  may  inhabit  shallower  water  (Marshall, 
1946),  it  appears  likely  that  both  species  spawn  at  giipilar  tempera¬ 
tures.  When  P.  carolinus  eggs  were  taken,  the  water  temperature 
was  14.65-22.30°  C,  the  salinity  25.42-27.12^;  for  P.  evolans  eggs 
it  was  13,80-18.42°,  the  salinity  19.93-26.17%o  Qow  salinity  value 
at  St.  128  due  to  outflow  from  the  Housatonic  River). 

The  eggs  of  both  species  were  scattered  throughout  the  eastern 
and  central  portions  of  the  Sound  almost  exclusively;  only  one  P. 
evolans  egg  tvaa  obtained  at  the  western  end  (Fig.  1),  at  St.  128  off 

TABLE  XX.  Abttvdance  axd  MEiSTnusinjrre  or  P.  Carolina i  jljtd  P.  too  Ians 
Eooa  »bo«  the  ReopuaH  STATiosa  rs  L.  I.  8.  rs  1952-1943 


Station  - - - - Eits/m' - 

19SZ  ItSS 


1 

2 

3 

S 

carolinus 

0.01 

0.03 

0.06 

0.02 

_P  fAffilifllLM, 

no  Ians 

0.00 

0.02 

0.03 

0.03 

carolinus  tvolans 

0.04  0.00 

0.01  0.02 

0.03  0.00 

0.04  0.00 

P  istmlnn.* 

So. 

*  •  MX  VlHtlM 

As. 

Stand. 

No. 

At. 

SlnnA. 

Dais 

meat. 

Ranoe 

diam. 

ier. 

meas.  Ran& 

diam. 

d*v. 

1952 

June 

8 

1.09-1. IS 

1.12 

.027 

22 

1.05-1.25 

1,13 

.058 

July 

3 

1.05-1.15 

1.10 

.050 

1 

— 

1.10 

— 

Aug. 

2 

1.00-1.09 

1,03 

— 

— 

— 

— 

— 

1953 

June 

1 

— 

1.23 

— 

1 

— 

1,15 

— 

July 

a 

3.01-1  20 

1.10 

— 

— • 

— 

— 

— 

Aug. 

6 

1.01-1.14 

1.06 

.010 

— 

— 

— 

— 

Stratford  Point.  At  the  regul 

ar  stations 

(Table  XX) : 

,  a  few 

more 

P.  carclinus  egg3  were  collected  offshore  in  1952;  in  1953  a  few  more 
were  collected  inshore.  In  1952  the  eggs  of  P.  evolans  were  fairly 
evenly  distributed,  except  at  St.  1. 

The  size  of  the  eggs  of  these  two  species  varied  only  slightly;  our 
limited  data  suggest  that  P.  evolans  eggs  are  slightly  larger  than 
those  of  P.  carolinus  (Table  XX).  A  decrease  in  diameter  as  the 
summer  progressed  was  noted  in  the  few  eggs  taken. 

Larvae.  One  larva  (2.2  mm  long)  taken  at  St.  2  on  July  15  and 
another  (3.0  mm)  taken  at  St.  1  on  August  19,  1952  were  identified  as 
Pricmoius  spp.  Larvae  and  juveniles  have  been  taken  previously 
from  this  area  (see  Perlm utter  as  well  as  Warfel  and  Merriman). 
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Myoxocephalus  spp.;  Sculpins. 

M.  aeneus  is  a  common  resident  in  L.  I.  S,  whereas  M.  octodecim~ 
spinosua  is  presumably  present  in  L.  I.  S.  in  late  winter  only,  since 
it  has  not.  been  taken  in  the  summer  by  previous  investigators. 
In  B.  I.  S.  it  migrates  offshore  in  June  where  it  stays  until  October. 
Morrow  (1951)  postulated  that  adults  of  M,  octcdecimspinosus  enter 

L.  I.  S.  in  early  spring,  move  westward,  and,  after  reaching  the  area 
off  Port  Jefferson,  turn  and  leave  the  Sound  again,  not  to  return 
until  the  following  year.  He  demonstrated  that  this  species  spawns 
in  winter  off  southern  New*  England,  and  all  investigators  are  of  the 
opinion  that  it  does  not  spawn  west  of  B.  I.  S.  However,  to  date 
no  definite  evidence  has  been  produced  to  prove  that  the  longhorn 
does  not  spawn  in  L.  I.  S. 

Records  of  collections  taken  in  L.  I.  S.  by  beach  seine  and  the 
oyster  dredge  (unpublished)  as  well  as  reports  by  Greeley  and  by 
Warfel  and  Merriman  show  that  juveniles  of  the  brassy  sculpin  are 
more  abundant  in  L.  I.  S.  than  those  of  the  longhorn. 

Spawning.  M.  aeneue  spawns  in  winter  at  the  same  time  as  M. 
octcdecimapinosua  (Bigelow  and  Schroeder,  1853;  Morrow,  1051). 

Eggs.  None. 

Larvae.  It  is  virtually  impossible  to  separate  the  larvae  of  these  two 
species  until  the  fins  ate  differentiated.  Perlmutter  collected  19  M. 
a eneus  larvae  (4.5-12.2  mm)  from  B.  I.  S.  and  off  Montauk  Pt.  during 
the  last  two  weeks  in  May,  but,  since  he  did  not  begin  sampling 
until  May  5,  they  may  have  been  present  in  the  area  before  that  date. 
In  collections  from  B.  I.  S.,  Merriman  and  Sclar  obtained  larvae  of 

M.  aeneua  (8-10  mm)  during  the  first  two  weeks  of  May  and  of  M. 
octodec-imapinosua  (7-10  mm)  from  February  to  April.  From  their 
data  it  appears  that  M.  aeneua  hatches  later  than  M.  octadecimspinosus. 
In  L.  I.  S.  we  took  ten  sculpin  larvae  (3.7-9. 1  mm)  in  March  and 
April  only.  The  April  larvae  were  well  scattered  throughout  the 
eastern  end  of  the  Sound  and  were  smaller  than  those  taken  in  March 
(Table  XXI);  these  compared  favorably  in  size  with  the  larvae  of 
both  species  from  B.  I.  S.  Only  one  specimen  (9.1  mm),  taken  on 
March  26,  1952,  was  identified  a*  M.  aeneua  by  anal  fin  ray  count  and 
by  comparison  with  Perl  mutter's  illustrations;  however,  its  body  shape 
was  essentially  the  same  as  Merriman  and  Sclar’s  preserved  specimens 
of  M.  octodecimspinosus.  For  obvious  reasons  discussed,  it  is  impos- 
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TABLE  XXI.  MKAsrHBjfB.Trs  c>f  Mvoxocephalm  sfp.  Larvae  from  L.  L  8,  tx  1962-1964 


Dole 

Si. 

Dtn(l\ 

1952 

Mar.  5 

7 

7.9  mm 

Mar.  20 

5 

<i.  1 

1953 

April  S 

313 

3.7 

318 

4.0 

318 

5.0 

318 

6.6 

April  9 

319 

3.3 

1954 

Mar.  30 

411 

8.4 

Mar.  81 

418  (IV) 

6.0 

April  12 

420 

3.3 

sible  to  conclude  whether  these  larvae  are  those  of  M.  aeneus  or  M. 
octodedmspinosus  ur  both. 

The  water  temperature  at  the  time  these  larvae  ■were  found  varied 
from  a  minimum  of  1.70°  on  March  5,  1952  to  a  maximum  of  6.65°  C 
on  April  12,  1954  (St.  426). 


Pardlichthys  cblcngus  (Mitchill);  Four-spotted  flounder. 

This  species  is  reported  to  be  an  early  summer  spawner  (PerLmutter, 
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in  L.  I.  S.  in  July  1954  but  the  spawning  season  has  not  been  ascer¬ 
tained. 

Egge.l  It  is  not  known  whether  the  eggs  of  P.  oblongus  were 
taken  in  L.  I,  S.  in  1952-1853,  since  they  are  not  distinguishable 
from  eggs  of  L.  aquosa 4 

In  July  1854,  eggs  of  both  species  were  artificially  fertilized,  and, 
although  the  eggs  of  P.  cblongus  survived  slightly  better  than  those 
of  L.  aquosa,  neither  developed  beyond  the  25-somite  stage.  Only 
these  features  of  identification  have  been  acquired  thus  far:  (1)  P. 
oblcrngus  and  L.  aquosa  were  both  in  spawning  condition  in  central 
L.  I.  S.  in  mid-July;  (2)  fertilized  eggs  of  P.  oblongus,  which  averaged 
0.98  mm  (average  oil  globule  0.15  mm),  were  slightly  smaller  than 
those  of  L.  aquosa,  which  averaged  1.04  mm  (average  oil  globule  0.17 
mm) ;  (3)  embryonic  pigment  had  appeared  on  L.  aquosa  at  the  14- 
somite  stage,  whereas  on  P.  oblongus  it  had  not  appeared  at  the 
25-somite  stage.  With  such  meager  information,  the  eggs  of  these 


4  Efforts  to  locate  the  eggs  of  P,  oblongua  mentioned  by  Bigelow  and  Schroedei  as 
artificially  hatched  by  O.  E,  3ette  were  fruitless, 
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two  species  were  not  separated.  However,  they  were  considered  as 
the  eggs  of  L.  aquo.su  because  this  species  is  more  abundant  in  the 
area,  because  a  greater  number  of  definitely  identified  L.  aquosa 
larvae  were  collected  following  the  two  peaks  of  egg  abundance, 
and  because,  on  the  whole,  the  eggs  in  the  plankton  tramples  were 
the  same  size  as  the  artificially  fertilized  eggs, 

Larvae.  Perlmutter  collected  larvae  of  this  species  in  Gardiners 
Bay  and  off  Montauk  Point  from  late  June  through  July.  In  our 
collections,  one  larva  3.0  mm  long  and  in  poor  condition  was  taken 
on  September  16,  1952  at  St.  1,  and  this  resembled  Perlmutter's 
illustration  of  one  5.7  mm  long.  Our  larva  did  not  fit  the  illustrations 
of  Paralichthys  sp.  in  Hildebrand  and  Cable  (1930)  which  they  thought 
may  have  been  P.  dentatus.  It  is  possible  that  the  P.  ob'Long-ws  spawn¬ 
ing  season  lasted  longer  than  has  been  indicated  by  Perlmutter. 

Lophopsetta  aquosa  (Mitchill) ;  Windowpane  flounder. 

This  species  is  a  common  year-round  resident  in  the  shallow  waters 
of  southern  New  England.  It  is  seldom  eaten,  but  it  dues  form  a 
considerable  part  of  the  trash  fishery  in  this  area, 

Spawning.  According  to  Perlmutter,  the  windowpane  is  a  sum¬ 
mer  spawner  with  maximum  egg  production  in  late  May  to  mid- 
June.  In  1952-1953,  a  split  spawning  season  was  observed  in  L.  I.  S. 
— from  late  April  through  July  and  from  mid-September  through 
late  October  or  early  November.  This  w-as  similar  to  the  split  spawn¬ 
ing  season  of  the  menhaden  in  1952.  If  one  ignores  the  nonspawning 
interval  in  August  and  early  September,  then  the  window-pane’s 
spawning  season  was  more  prolonged  than  that  of  any  other  species 
taken  in  this  survey. 

Eggs.  The  eggs  (0.90-1.38  mm)  taken  in  the  collections  in  1952- 
1953  totaled  571  and  ranked  fourth  in  abundance  (see  Table  I). 
The  four  groups  were  taken  as  follows:  in  1952,  398  from  April  16 
to  July  29,  and  115  from  September  9  to  October  21;  in  1953,  38 
between  April  15  and  August  11,  and  20  from  October  14  to  November 
12.  In  general,  during  both  years  the  eggs  were  more  abundant 
during  the  earlier  spawning  season  than  during  the  later  one  (see 
Table  I).  This  may  indicate  that  a  larger  group  of  fish  was  spawning 
during  the  spring  or  that  a  similar  spawning  intensity  in  the  fall  was 
missed  due  to  sampling  errors. 

In  L,  I.  S-  the  surface  temperatures  that  corresponded  to  the  spawn- 
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ing  seasons  were:  7.0-22  2s  and  21.45-15.2°  C  in  1952;  6.5-22.0° 
and  18.7-13.5°  in  1953.  Apparently  temperature  was  not  the  primary 
cause  for  the  split  spawning  season,  for  the  average  temperatures 
in  the  water  column  during  the  nonspavming  periods  (19.39°  to  21.42°) 
were  within  the  range  of  those  recorded  for  the  spawning  season. 
According  to  Bigelow  and  Schroeder  the  eggs  of  this  species  were 
successfully  hatched  at  Woods  Hol6  at  temperatures  of  10.00-21.11°, 
but  in  L.  I.  S.  eggs  were  taken  in  waters  as  low  as  6.5°.  Thus,  the 
temperatures  in  the  Sound  during  early  spring  spawning  were  much 
lower  than  those  given  by  the  aforementioned  investigators,  and  it  is 
possible  that  conditions  for  egg  development  are  less  favorable  than 
at  higher  temperatures.  In  the  spring,  a  period  of  six  to  eight,  weeks 
intervened  between  the  appearance  of  the  first  eggs  and  the  first 
larvae  whereas  in  the  fall  the  interval  was  only  two  weeks. 

The  salinity  range  during  the  spawning  seasons  of  both  years  in 
L.  I.  S.  was  18. 15-30. 00%c.  Thus  the  maximum  salinity  in  the 
Sound  was  considerably  lower  than  that  in  certain  other  areas  where 
they  also  spawm, 

Perlmutter  collected  the  eggs  of  this  species  by  the  hundreds  be¬ 
tween  Peconic-Gardiners  Bay  and  Montauk  Point,  to  the  south  of 
Long  Island,  and  in  L.  1.  S.  itself,  and  we  found  them  in  abundance 
from  all  purlieus  of  the  Sound  in  1952-1953.  But,  Mcrriman  and 
Sclar  record  none  from  northeastern  B.  I.  S.  In  our  survey  tliis 
was  the  only  species  whose  eggs  were  collected  at  every  station  during 
the  100-cruise  and  at  all  but  two  of  the  stations  in  the  200-cruise 
(see  Fig.  1).  The  data  show  that  spawning  (Table  XXII)  in  both 
spring  and  fall  in  the  central  and  western  areas  was  greater  than 
that  in  the  eastern  portion,  where  the  quantity  of  eggs  varied  from 
station  to  station  much  more  so  than  in  the  other  portions,  possibly 
due  to  stronger  current  movements  in  the  eastern  end.  Apparently 
the  windowpane  seeks  a  somewhat  sheltered  spawning  location, 

Comparison  shows  that  the  average  diameter  of  the  eggs  from  the 
100-cruise  was  the  same  as  that  from  the  200-cruise — 1.05  mm.  At 
the  regular  stations,  the  average  diameter  in  spring  1952  decreased 
from  1.19  to  1.05  mm,  which  is  the  same  as  the  diameter  obtained 
during  the  mentioned  cruises.  In  spring  1953  there  was  a  similar 
decrease.  For  the  fall  of  both  years,  the  data  were  insufficient  to 
indicate  a  valid  increase  or  decrease.  The  oil  globule,  usually  only 
one  per  egg,  ranged  from  0.15-0.30  mm;  when  two  or  three  globules 
were  present  in  a  single  egg,  the  range  was  0.05-0.16  mm, 
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TABLE  XXI i,  Keqiona.1.  Aecndance  or  L.  aquosa  Eaaa  rsou  L.  I.  8.  ty  1652-1953 


Eastern  End 

Central  Portion 

WtsLem  End 

St. 

Egg)  m1 

St. 

Eggs/ml 

St. 

Cggsrm1 

113 

1.65 

101 

0,  SO 

128 

0.72 

115 

0.67 

103 

0.  S3 

129 

2,09 

117 

0.68 

105 

1.11 

130 

0.74 

118 

0.09 

107 

0.58 

131 

1.23 

119 

0.29 

109 

2.31 

238 

0.67 

121 

1.16 

111 

4.66 

241 

0.59 

123 

5.38 

125 

0.51 

243 

0.64 

215 

0.40 

126 

0.11 

244 

1.24 

218 

0.22 

201 

0.S1 

219 

0.  16 

203 

0.53 

220 

0.09 

208 

0.90 

222 

0  10 

210 

1.45 

224 

1 .  15 

227 

0,20 

325 

0.44 

229 

0.98 

234 

0. 20 

Total 

Total 

Total 

Grand  Totals 

100 

0.83 

100 

1 . 49 

100 

1.42 

100  1.S7 

200 

0.38 

200 

0.4S 

200 

0.78 

200  0.52 

19it  isc,: 

1 

0.48  0,06 

2 

0.17  0.15 

5 

0.20  0.09 

8 

0.30  0.09 

In  this  investigation  the  identity  of  windowpane  eggs  has  always 
remained  tentative  because  of  the  difficulty  in  ascertaining  the  identity 
of  what  appears  to  be  three  types  of  L.  aquosa  eggs  (discussed  below) 
and  because  of  their  similarity  to  the  eggs  of  P.  oblongus  (see  p.  237). 
Three  groups  of  eggs  of  similar  Appearance  are  recorded  as  those 
of  L.  aquosa  because  they  overlapped  in  size  and  in  time  of  collection 
and  because  the  developing  embryos  were  similarly  pigmented. 
Of  the  three,  type  A  (actually  intermediate  between  types  B  and 
C)  is  considered  here  as  being  most  typical  of  the  L.  aquosa  egg. 
The  A  eggs;  when  compared  with  artificially  fertilized  eggs,  showed 
more  similarity  to  the  latter  than  did  the  B  and  C  eggs.  Further 
support  for  the  belief  that  the  A  eggs  are  more  nearly  representative 
is  found  in  the  facts  that  the  larvae  of  this  species  are  readily  identi¬ 
fiable  and  appeared  four  to  eight  weeks  after  A  eggs  were  taken  in 
the  spring  and  that  larvae  in  fall  1953  appeared  later  when  the  eggs 
also  appeared  later. 

Type  A  eggs:  Eggs  fitting  the  following  description  were  taken  in 
1952  from  May  through  July  and  during  September  and  October 
and  in  1953  from  May  through  July  and  in  October.  In  1952  they 
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TABLE  XXIII.  Measitbemen-T8  or  L.  aquosa  Egm  *xd  Oil  Globules 
rami  L.  I.  S.  in  1652-1953 


DaU 

1952 
April 
M&y 
Jlttie 
July 
Sept 
Oct. 

100  205  0.95-1.25  1.05  .044  225  0.05-0.28  0.13  .050 

200  9  8  0.93-1.15  1.03  .  046  120  0.06-0. 20  0.14  .  027 

1953 

April  1  —  1.25  —  1 

May  12  1.05-1.20  1.12  .  042  14 

Jonn  IS  1  02-1.10  1.03  .050  13 

July  8  0.00-1.  OS  0.90  .076  7 

Aug.  2  1,04-1  09  1.07  .  038  2 

Oct.  18  0.9S-1.10  1.03  .  033  19 

Nov.  2  1.05-1.20  1.12  .020  2 


Totals 

1932  442  0.91-1.38 

1953  56  0.90-1.20 

•  1  oil  globule  squashed. 

1.07 

1.07 

.050 

.067 

507  0.05-0.30 

60  0.08-0,20 

0.18 

0.13 

.030 

.023 

~ere  more  a k/iin d sn t  tusn  in 

1  Afn 

17300. 

Their  diameters 

ranged 

from 

0.90-1.24  mm,  but  the  majority  were  between  1.00-1.20  mm.  There 
was  a  recognizable  decrease  in  their  size  during  spring  and  early 
summer.  The  oil  globules  ranged  from  0.05-0.22  mm;  when  single 
(the  more  usual  condition)  they  were  never  less  than  0.1 2  mm.  The 
globule  was  either  amber  or  dark  and  was  occasionally  spotted  with 
black  chromatophores.  The  embryonic  pigmentation  in  preserved 
specimens  usually  was  present  as  early  as  the  14-somite  stage.  Black 
spots  were  most  abundant  along  the  dorsal  side  from  the  snout  to 
the  tip  of  the  tail,  less  abundant  on  the  sides,  and  least  abundant 
on  the  ventral  side.  In  well  developed  embryos  a  short  horizontal 
streak  was  vaguely  discernible  along  both  caudal  fin-folds  halfway 
between  the  tip  of  the  tail  and  the  vent. 

Type  B  eggs:  In  both  years  these  were  taken  in  spring  only;  in 
1952  from  April  to  June,  in  1953  in  May  only.  The  egg  diameters 
ranged  from  1.02-1.38  mm,  the  oil  globules  from  0.10-0.30  mm; 
when  single,  the  globule  diameter  was  never  less  than  0.15  mm. 
The  globule  varied  in  color  from  amber  to  dark  brown  and  was  oc- 


— 

C.22 

— 

0.00-0.20 

0, 14 

.037 

(1. 14-0.20 

0.  13 

.017 

0,12-0. 16 

0.14 

.014 

0. 18-0.19 

0.  18 

.020 

0.10-0.19 

0.15 

.022 

0.18-0.20 

0.19 

.010 

. - - - E'jf -  - Oil  globui t- 


Kc. 

mca j. 

Range 

At. 

diam. 

dev. 

So. 

mens. 

Range 

A  r. 
diam. 

Stand. 

dev. 

3 

1.15-1.2 3 

1 . 19 

.030 

3 

0. 19-0.20 

0.20 

.000 

100 

1.00-1.38 

1.16 

.073 

110 

0.06-0.30 

0.18 

.037 

224 

0.01-1.15 

1.05 

.039 

246 

0.03-0.20 

0,  13 

.031 

4 

0.94-1.16 

1.05 

.090 

3* 

0. 15-0.22 

0.  17 

.040 

38 

0.26-1.15 

1.06 

.014 

51 

0.08-0. 18 

0.  14 

.025 

73 

0.95-1,15 

1.04 

,016 

£>4 

0.05-0.20 

0.  14 

027 
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casionally  covered  with  scattered  black  chromatophores.  The  pig¬ 
mentation  on  well  developed  embryos  was  faintly  streaked  on  the 
dorsal  side  of  both  head  and  nape;  dorsally  and  vent-rally  it  appeared 
spotty  along  the  trunk  and  tail;  a  short-  and  narrow  horizontal  stream, 
similar  to  that  in  type  A,  was  faintly  visible  along  both  caudal  fin- 
folds. 

Type  C  eggs;  These  were  collected  in  the  fall  only,  in  September 
and  October  of  1952  and  in  October  and  November  of  196a.  They 
ranged  in  diameter  from  1.0--1.2  mm  (approximately  the  same  size 
as  the  A  eggs  but  smaller  than  the  B  eggs).  At  stations  where  both 
A  and  C  eggs  were  collected  simultaneously,  the  latter  averaged 
slightly  larger.  The  oil  globules  ranged  from  0.06-0.20  mra;  if 
single,  the  globule  was  never  smaller  than  0.15  mm.  The  embryonic 
pigmentation  resembles  that  of  B  rather  than  A  eggs. 

In  summary,  type  A  eggs  were  taken  in  both  spring  and  fall,  whereas 
B  eggs  were  taken  only  in  the  spring,  C  eggs  only  in  the  fall,  A 
eggs  were  the  same  size  but  had  different  pigmentation  than  C  eggs; 
the  B  eggs  were  larger  than  the  A  and  C  eggs  and  their  pigmentation 
was  similar  to  type  C. 

Due  to  prolonged  absence  in  the  field  in  1953,  we  examined  the 
samples  in  which  these  three  types  of  eggs  occurred  after  varying 
periods  of  preservation,  and  it  is  possible  that  changes  in  both  size 
and  pigmentation  occurred  in  varying  degrees  with  varying  preserva¬ 
tion.  The  1952  spring  samples  were  examined  six  months  Later, 
the  1952  100-cruise  tows  15  to  20  months  later,  the  1952  summer 
and  fall  samples  12  months  later,  and  the  1953  tows  six  to  eight 
months  later.  In  the  spring  of  1954  some  windowpane  eggs  were 
examined  within  two  days  of  preservation;  comparison  showed  no 
differences  between  these  and  types  A  aud  B  taken  during  the  spring 
of  1952-1953.  The  diameter  range  of  the  1954  eggs  was  1.07-1.30 
mm,  and  the  embryonic  pigmentation  was  both  streaked  and  spotted. 

Larvae.  Unlike  the  eggs,  the  larvae  of  this  species  are  easily 
identified.  Seventeen  larvae  (1,8-7. 6  mm)  were  collected  during 
this  survey  from  all  portions  of  the  Sound  (Table  XXIV).  In  1952, 
nine  (2. 7-7. 6  mm)  were  taken  between  June  4  and  July  1  and  most 
of  them  were  obtained  on  the  100-cruise;  only  four  were  collected 
in  the  fall — on  September  23  and  October  8.  In  1953,  only  four 
larvae  were  taken  and  they  appeared  later  in  both  spring  and  fall 
collections;  two  were  taken  between  July  7  and  28,  and  two  more  on 
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October  28.  As  in  the  case  of  the  eggs,  we  note  here  a  bimodality 
in  the  larvae  collections;  also  we  note  that  the  fall  larvae  in  both 
years  were  smaller  than  the  spring  larvae,  and  that  both  larvae  and 
eggs  appeared  a  month  later  in  1953  than  in  1952.  The  numerical 
ratio  of  larvae  to  eggs  was  as  follows:  1:44  in  spring  1952,  1:38  in  fall 
1952,  1:19  in  spring  1953,  1:9  in  fall  1953.  Bigelow  and  Schroeder 
estimated  that  embryonic  development  was  completed  in  eight 
days  in  temperatures  from  10.65-13.33°  C,  but  temperatures  in  L.  I.  S. 
were  above  15°  during  the  time  when  larvae  were  collected.  Earlier 

TABLE  XXIV,  DisxaiBtmoN,  Sue  a*d  Aextsdajice  or  L.  cquosa  Labvajs 
raoH  L,  I.  S,  rx  1957-1053 


Lenfih 

Dae 

SI. 

.VO. 

(mm) 

Lana*/m* 

1952 

JllEO  4 

107 

1 

3.7 

6 

113 

1 

3.4 

S 

115 

2 

4  1 

2.7 

S 

118 

2 

4.4 

4.3 

6 

121 

1 

5,6 

11 

130 

1 

7.6 

June — 0.03 

July  1 

2 

1 

2.8 

July — 0.01 

Cl 

A 

A  A 

u 

a .  * 

2.5 

3.5 

Sept. — 0.006 

Oct.  s 

241 

1 

2.1 

Oct. — 0.005 

1953 

July  7 

8 

1 

2.4 

28 

2 

1 

1.3 

July — 0.02 

Oct.  2S 

2 

2 

3  5 

2.4 

Oct. —0.03 

in  the  spring,  before  the  larvae  were  collected,  temperatures  were 
below  10°,  which  may  have  prevented  normal  development  of  the 
eggo  and  which  may  explain,  in  part  at  least,  the  differences  between 
the  aforementioned  spring  and  fall  iarvae-egg  ratios. 

Perlmutter  obtained  larvae  in  all  areas  sampled  around  Long  Island, 
and  his  collections  allowed  decreasing  percentages  from  spring  to 
fall:  62%  in  May,  37%  in  June,  1%  in  July  and  August,  and  none 
in  the  fall.  Merriman  and  Sclar  collected  4  larvae  from  B.  I.  S. 
in  July.  Juveniles,  apparently  quite  common  in  the  sublittorsl 
zone,  were  obtained  by  Perlmutter,  by  Warfel  and  Merriman,  and 
with  the  oyster  dredge.  Warfe!  and  Merriman  have  inferred  that 
there  is  a  possibility  that  two  races  of  windowpane  occur  in  L.  I  3., 
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and  Moore  (1947),  on  the  basis  of  vertebral  counts,  otoliths,  and 
scale  appearance,  postulated  that  there  wore  two  races  spawning 
at  different  times,  one  in  May-June,  the  other  in  July- August.  Moore 
has  estimated  that  the  growth  of  windowpanes  in  the  first  year  is 
2.95-3.54  inches  (roughly  50-65  mm),  that  they  attain  this  size  by 
the  following  February  or  March,  and  that  the  1-f  age-group  from 
L,  I.  S.  is  smaller  and  grows  more  slowly  than  the  same  age-group 
out-side  of  the  Sound.  If  L.  I.  S.  window-panes  stem  from  two  spawn¬ 
ing  stocks,  then  a  true  annual  increment  will  be  extremely  difficult 
to  judge. 

L  i  man  da  f erruginm  (Storer);  Yellowtail  Sounder. 

Spawning.  This  species  spawns  in  southern  New  England  in 
spring  and  summer.  Perlmutter  obtained  larvae  in  B.  I.  S.  and 
along  the  south  shore  of  Long  Island  in  May  and  June  and  Merriman 
and  Solar  found  them  in  B,  I.  S.  from  May  to  August. 

Eggs.  Only  one  egg  (0.81  mm)  was  taken,  that  on  April  8,  1953 
at  St.  316,  outside  Plum  Island. 

Larvae.  Only  one  postlarva,  13,8  mm  long  and  easily  identified, 
was  collected  on  April  9,  1952  at  St.  1.  This  larva  was  not  large 
enough  to  have  originated  in  B.  I.  S...  hence  the  yellowtail,  which  is 
not  ordinarily  considered  a  spawner  in  L.  I.  S.,  appears  to  spawn 
occasionally  in  this  body  of  water.  Considering  the  size  of  the 
specimen,  it  must  have  hatched  in  late  March, 

Pseudopleuronectes  americanus  (Walbaum);  Blackback  flounder. 

The  blackback,  a  nonmigratory  species,  is  one  of  the  most  common 
flounders  in  L,  I.  S.  It  is  of  more  value  commercially  in  southern 
New  England  than  any  other  demersal  species.  For  example,  the 
total  catch  in  1951  from  Rhode  Island  and  Connecticut  was  3,029,200 
pounds,  valued  at  $290,000.  The  total  Connecticut  catch  alone  has 
fluctuated  little  during  the  past  15  years,  although  the  catch  taken 
from  L.  I.  S.  by  fishermen  in  New  Haven  and  Fairfield  Counties  has 
fluctuated  greatly.  Perlmutter  has  stated  that  the  blackback  popu¬ 
lation  here  is  made  up  of  many  localized  stocks  that  inhabit  shallow 
areas  and  that  the  young  in  any  one  area  are  probably  the  product 
of  fish  spawning  in  that  area, 

Spaivning.  In  southern  New  England  waters  the  blackback  spawns 
from  December  to  May.  However,  in  L.  I.  3.  we  took  no  eggs 
at  any  time  and  obtained  no  larvae  until  late  March.  As  dis- 
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cussed  below,  it  is  estimated  that  the  spawning  season  in  L.  I.  S. 
during  this  survey  extended  from  February  or  early  March  until 
the  last  week  of  May. 

Eggs.  None. 

Larvae,  In  1952-1954,  65  larvae  (2.8-8. 5  mm)  were  taken  and  the 
majority  were  still  upright:  in  1952,  17  between  April  9  and  June  6; 
in  1953,  14  between  March  23  and  May  25;  and  in  1954..  32,  the 
first  of  these  appearing  in  our  samples  on  March  30.  Blackback 
larvae  were  fourth  in  relative  abundance  of  all  species,  and  the  peak 
of  abundance  occurred  in  April,  excepting  1952,  when  the  peak  was 
in  May. 

When  larvae  were  present  in  our  collections  the  surface  temperature 

TABLE  XXV.  Rkqionai.  ABtrNDAN<~x  of  P.  a mericanus  Las-taj?  tbom  L.  I.  9. 
from  Mabch  1952-April  1954 

No  Stations  Vies*  Made  in  the  Western  End  dtjbinq  the  300-CatnsB  in  Apbu. 

Eastern  End  Centra. 1  Portion 


SI. 

Lanae/m' 

SI. 

Lor*ae;ml 

119 

0.10 

107 

0.07 

318 

0.12 

302 

0,09 

314 

0.26 

303 

0.09 

SIS 

A  rlA 

V  .  «u 

405 

n  ii 

819 

0.17 

418  (IV) 

0.03 

1951  liii 

1  0.05  0.05 

2  0.04  0.02 

5  0 . 00  0.00 

8  0.04  0.00 

ranged  from  5.65-13.30°  C,  although  it  is  knowm  that  they  occur 
in  water  as  warm  as  22.17°  (Perlmutter,  1939).  The  known  salinity 
range  when  blackbacks  spawn  is  great — from  over  30.0%c  in  the  Gulf 
of  Maine  to  11.14%o  in  Woods  Hole,  Mass,  (Bigelow  and  Schroeder). 
The  spring  salinity  range  in  L.  I.  S.  is  well  within  these  limits. 

Our  data  show  that  blackback  larvae  were  widely  scattered  through¬ 
out  the  Sound  and  displayed  no  center  of  abundance  (Fig.  1  and 
Table  XXV).  Preliminary  examination  of  material  collected  in 
1954  indicates  that  depth  may  be  a  limiting  factor. 

Bigelow  and  Schroeder  have  maintained  that  larvae  in  the  Gulf 
of  Maine  are  3. 0-3. 5  mm  at  hatching.  In  L.  I.  S.  we  found  larvae 
3.0  mm  long  and  a  minimum  hatching  length  of  2.8  mm,  Perlmutter 
has  maintained  that  eggs  are  initially  laid  in  December  in  southern 
New  England,  and  Bigelow  and  Schroeder  have  reported  that  em- 


296  Bulletin  of  the  Bingham  Oceanographic  Collection  [XV 

bryonie  development  takes  place  in  13-15  days  at  temperatures  of 
2.78-3.33°  and  that  larval  growth  to  5  mm  takes  place  in  12-14  days 
at  temperatures  of  3.89°.  Thus,  larvae  should  have  been  present 
in  L.  I.  S.  in  January,  but,  as  noted,  they  were  not  taken  until  late 
March.  If  the  rate  of  development  is  as  Bigelow  and  Schroeder 
have  stated  it,  then  the  5.7  mm  specimen  taken  in  1952  on  June  6 
at  St.  119  should  have  hatched  during  the  first  week  of  June;  the  two 
larvae  (av.  5.9  mm)  taken  in  1953  on  May  25  at  St.  1  should  have 
hatched  during  the  third  week  of  May;  and  in  19.54  the  metamorphos¬ 
ing  larvae  (7.5  and  8.5  mm)  taken  on  May  10  at  St.  524  (not  included 
in  Table  XXV)  should  have  hatched  in  late  April.  The  5.7  mm 
specimens  collected  in  1952  on  June  6  indicate  that  spawning  may 
have  continued  until  tho  end  of  May  while  in  1953  the  last  specimens 
which  were  collected  on  May  25  indicate  that  spawning  may  have 
ended  in  mid-May.  It  is  quite  possible  that  temperature  variation 
in  winter  and  spring  was  at  least  one  of  the  factors  that  delayed 
the  appearance  of  larvae  in  1952  and  prolonged  their  appearance 
later  that  same  year.  The  colder  water  temperature  during  the 
spring  of  1952  as  compared  with  that  of  1953  and  1954  may  have 
delayed  spawning  and  hatching  and  decreased  the  growth  rate, 
which  would  have  resulted  in  a  delayed  appearance  of  the  larvae  plus 
a  longer  pelagic  life.  After  metamorphosis  the  larvae  became  demersal 
and  no  longer  appeared  in  our  samples. 

Postlarvae  have  been  taken  from  many  localities  within  the  Sound 
by:  Perlmutter;  Greeley;  Warfel  and  Merriman;  Merriman  (1947); 
and  the  oyster  dredge.  Juveniles,  also  taken  in  abundance,  grow 
roughly  20  mm  between  June  and  September. 

Sphaerchdes  macv.la.tu8  (Bloch  and  Schneider);  Puffer. 

A  cummer  visitor  to  L.  I.  S.,  this  species  arrives  in  mid-May  and 
remains  until  mid-October. 

Spawning.  In  this  general  latitude  it  lasts  from  late  May  until 
August  with  the  peak  in  July  (Welsh  and  Breder,  1922). 

Eggs.  None, 

Larvae.  Only  one  larva  (5  mmj  was  taken,  on  August  19,  1952 
at  St.  5.  This  indicates  that  spawning  continued  well  into  August. 
Its  brilliant  coloration  over  the  anterior  section  of  the  body  (faded 
in  preservative)  and  its  shape  permitted  unmistakable  identification. 
This  larva  was  taken  from  an  area  of  greater  depth  than  would  be 
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normally  expected.  Juvenile,?  have  been  taken  frequently  by  previous 
investigators  on  shallow  sandy  beaches  and  in  estuaries,  and  it  is 
quite  likely  that  we  would  have  taken  more  had  our  collections  in¬ 
cluded  such  habitats.  Probably  our  specimen  had  been  carried 
out  into  deeper  water.  The  growth  increment  during  the  summer 
has  been  estimated  as  circa  41  mm. 

“Unknown  1.” 

During  the  200-cruise,  four  unidentified  eggs  of  similar  appearance 
were  collected  from  scattered  localities  (see  Table  XXVI).  The 
embryonic  pigmentation  in  the  egg  taken  X-9-52  resembled  that  of  a 
developing  scup,  but  its  time  of  appearance,  late  in  the  year,  and 
its  small  size  suggest  that  it  might  be  either  Leiostcmus  xanthv.'PJ.s  or 

TABLE  XXVI.  Distribution  akd  She  o»  Tsssown  1”  Eodb 
from  L.  I.  8,  is  1032-1953 


Egg 

Globile 

Date 

19S2 

St. 

(Ham. 

diam. 

Sept.  29 

208 

0.72 

0.20 

Oct,  1 

222 

0.74 

0.17,  0.13,  0.18 

2 

220 

0. 76 

ft  ft  i 

v  •  mr-a 

9 

243 

0.80 

Av.  0.73 

0.14,  0.14 

AT.  0.17 

CynoBcion  regalia ,  more  likely  the  latter.  Adults  of  L.  zanthurus 
have  been  reported  in  L.  I.  S.  from  May  to  November  or  December 
(Nichols  and  Breder,  1920)  and  juveniles  have  been  taken  occasionally 
in  beach  seine  hauls,  but  there  is  no  available  information  concerning 
their  spawning  in  the  Sound.  Hildebrand  and  Cable  (1930)  have 
maintained  that  the  spot  spawns  in  autumn  and  that  the  unidentified 
eggs  must  be  small  because  the  recently  hatched  prolarva  is  small 
(1.5  mm).  This  is  not  necessarily  so,  since  the  egg  of  L.  aquosa  is 
little  more  than  1.0  mm  while  the  recently  hatched  larva  is  1.8  mm 
(see  p.  292).  Regarding  the  possibility  of  their  being  C.  regalis ,  Welsh 
and  Breder  (1926)  have  pointed  out  that  their  spawning  season 
continued  until  September,  Perimutter  (1939)  has  mentioned  the 
possibility  of  local  races  spawning  at  different  times,  and  we  have 
found  that  the  diameters  of  both  egg  and  oil  globules  conform  to  the 
same  characters  observed  in  weakfish  eggs. 
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DISCUSSION 

Tb.e  data  in  this  paper  are  based  on  272  oblique  plankton  tows 
taken  in  the  Sound  during  this  survey;  most  of  the  hauls  were  made 
at  the  regular  stations  in  the  central  portion.  In  addition,  a  few 
experimental  observations  were  carried  out,  and  these  aro  discussed 
under  Materials  and  Methods  and  later  in  this  section.  Although 
our  data  by  no  means  supply  the  answers  to  many  of  the  questions 
raised  in  an  investigation  of  this  nature,  they  do  serve  as  a  sound 
basis  for  further  study.  Analysis  is  complicated  by  the  variations 
which  result  from  changes  in  environmental  conditions,  from  sampling 
procedures,  and  from  movements  of  the  spawning  populations. 
Comparison  of  plankton  hauls  taken  simultaneously  have  indicated 
the  significance  of  such  variations,  W  iisor  and  Wolford  (1936) 
felt  that  an  increase  in  the  “total  catch’ :  by  using  a  larger  net  did 
not  necessarily  provide  a  more  accurate  estimate  of  the  population, 
since  such  an  estimate  is  limited  by  the  volume  of  water  sampled. 
Winsor  and  Clarke  (1940)  maintained  that  the  catch  with  a  small 
12.7  cm  net  gave  as  reliable  an  indication  of  the  plankton  types  as 
any  of  the  larger  nets  (75  and  30  cm)  and  that  the  variability  between 
oblique  tows  was  less  than  that  between  vertical  tows.  Siliiman 
(1946),  in  an  analysis  of  duplicate  laborat  ory  samples  of  24  paired 
plankton  hauls  for  eggs  of  the  pilchard,  demonstrated  that  the  vari¬ 
ability  was  duo  to  variation  in  egg  concentration  in  the  water  and 
that  a  single  count  may  be  considered  significantly  different  from 
another  if  it  is  less  than  half  or  more  than  double  the  other. 

On  some  occasions,  two  nets  of  different  size,  12.5  and  30  cm,  both 
with  No.  2  mesh,  were  towed  simultaneously.  Although  the  larger 
net  strained  more  water  and  took  a  larger  number  of  organisms, 
little  difference  in  the  number  of  organisms  was  noted  after  prorating 
the  volume  of  water  sampled  by  each  net.  However,  it  appears 
that  the  larger  net  collected  larger  larvae.  Generally  the  30  cm  net 
has  not  been  used  extensively  since  no  valid  way  has  been  found 
to  measure  the  volume  of  water  filtered,  Also,  two  12.5  cm  nets, 
one  with  No.  2  and  the  other  with  No.  10  mesh,  were  towed  succes¬ 
sively  at  the  same  station.  No  significant  differences  were  noted 
iu  the  number  of  eggs  and  larvae  or  in  the  size  of  the  larvae,  but  the 
No.  2  mesh  collected  a  significantly  greater  variety  of  the  less  abundant 
summer  species,  possibly  because  it  filtered  more  water.  In  the 
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1952-1953  samples,  the  larvae  that  were  present  at  the  time  of  sampling 
are  probably  represented  with  a  fair  degree  of  accuracy  qualitatively 
but  not  quantitatively,  particularly  if  some  of  the  larvae  could  escape 
the  net,  especially  in  daylight.  On  the  other  hand,  the  eggs  in  the 
samples  probably  give  a  valid  representation  both  qualitatively  and 
quantitatively.  At  any  rate,  regional  and  seasonal  differences  based 
on  these  tows  are  probably  fairly  representative  of  the  sampled 
Of  course,  further  observation  is  desirable. 

The  pelagic  eggs  and  larvae  of  24  species  of  fish  were  co'lected  in  the 
course  of  this  study.  Of  these,  12  species  were  represented  by  both 
eggs  and  larvae,  nine  by  larvae  only,  and  three  by  eggs  only.  Of 
the  nine  species  represented  by  larvae  C.  harengus,  M.  m.  notata,  .4. 
americanus,  Myoxocephalus  spp,,  P.  americanus,  and  5.  maculaius 
hatched  from  demersal  eggs  which  were  not  collected  in  our  tows; 
A.  ro8trala  spawns  in  the  mid-Atlantic,  and  5.  pechianus  carries  its 
eggs  in  a  pouch.  The  eggs  of  P.  oblongus  were  not  identified,  and, 
if  collected,  they  were  included  with  the  eggs  of  L.  aquosa.  Regarding 
the  three  species  represented  by  eggs  alone  ( P .  triacanikus,  S.  svt/m- 
brus,  and  “Unknown  No.  1”).  the  eggs  of  only  P.  triacanthus  were 
taken  in  fair  quantity;  the  absence  of  the  larvae  remains  ’unexplained. 

During  the  past  15  years  two  surveys  (Perlmutter.  1939;  Mem’man 
and  Sclar,  1952)  in  addition  to  ours  have  been  made  in  southern  New 
England  waters  and  the  eggs  and  larvae  of  45  or  46  species  have  been 
identified.  Because  of  the  different  gear  used  in  each  survey,  only 
qualitative  comparison  is  possible  (Table  XXVII).  Perlmutter, 
whose  collections  extended  over  a  much  wider  area  than  those  of 
the  other  two  surveys  and  covered  a  much  shorter  period  of  time 
(May-October),  took  23  species  which  were  not  taken  by  Merriman 
and  Sclar  and  IS  which  were  not  taken  by  us.  In  collections  which 
cover  such  a  wido  range  of  habitats,  it  is  inevitable  that  one  survey 
will  include  eggs  and  larvae  of  some  species  which  are  not  present 
in  others.  In  view  of  the  fact  that  Perlmutter’s  survey  included 
the  south  shore  of  Long  Island  and  southern  B.  I.  S.,  he  collected 
some  species  whose  range  seldom  extends  into  L,  I.  S.  Among  these 
are  Hippocampus  hudsonius,  Vomer  setapinnis,  Bairdiella  chrysura, 
Achirus  fasciatus,  and  Chilamycterus  schoepfti. 

While  the  B.  I.  S.  area  has  yielded  the  eggs  and  larvae  of  a  number 
of  species  that  came  from  the  eastward  and  northeastward  of  this 
region,  none  except  the  larvae  of  the  pollack  have  been  taken  in 
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TABLE  XXVII.  List  or  9psctEa  Takxs  is  Each  Scbvet  or  Peuaqic  Fish  Eqos 
and  Larvae  rv  Sottxhsrn  New  EhOLAND  WiTiaa 


Specif  s 

!  Clupta  harengus 

,  Brecoonia  1  yrannus 

Anchoa  rrv.  milchilli 
Anguilla  rostrala 
Conger  Oceanian 

,  Merluccius  bilinearls 

Gadus  mcrrhua 
hdelanogrammus  aegleflnus 
Pcllathius  cirens 
Vrophyci s  chuss 

■  ■  .  Urophycis  regius  and/or  tenuis 

!  Enehelyopu J  cimbrius 

\  Syngnalhus  pesKianus 

[  Hippocampus  hudsor.ius 

Menidia  m.  rwtda 

j  Cenlroprtsies  siriaius 

,  Pomaiomu.i  saUairiz 

j  ‘  Vomer  setapinnis 

Balrdtslla  chrysura 

|  Cynascior.  retails 

j  Mcniicirrhus  saxalilis 

J  .  Cis*m  nfrtmms  >  m  • 

j  Ulta  subbifurccta 

|  Cobiosoma  bosci 

i  Gobiosorrus  ginsburgi 

I  Taulooclabrus  adsperrus 

i  Tautoga  onilis 

i  Ammadyies  arrnrlcanu3 

;  Scomber  scombrus 

.  Foronotus  triacanthus 

|  '  Pricndus  carolinus 

Priundus  ettolans 

11  Cryptatanihedes  maculatus 

Cyclop’erus  lumpus 
Myoxocephalus  aeneus 
M y crtoceo halus  ododscimpir.osus 
Paraliehlhys  cb'.ongus 
Paralichihys  den talus 
Lophopseita  a guosa 
Limar.ia  ftrruginea 

'  Pseudopleuronecies  americanus 

Achirus  fasoiatus 
Sphaeroides  maculatus 
Chilomycterus  schoepfii 
Lutphius  americanus 
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L.  I,  S.  These  species  are  Gadus  morrhua,  Melanogrammus  aeglefinus, 
Pollachius  virens,  Merluccius  bilincaris,  Urophycis  c/jttss,  Uha  sub - 
bifurcata,  Cryptacanthodes  maculalus,  and  Lovkius  americanus.  Some 
species,- namely  Centropristea  strioius,  Pom^itomus  saltatrix ,  and  Pa.  a- 
lichthys  dentatus,  probably  spawn  offshore,  hence  their  eggs  and 
larvae  have  been  taken  more  frequently  in  B.  I.  S.  than  in  L.  I.  S. 
The  larvae  and  juveniles  of  many  inshore  species  that  were  taken 
by  Perlmutter  in  shallow  protected  areas  were  not  taken  by  Merriman 
and  Sclar  and  by  us  in  more  open  waters.  Some  inshore  species, 
such  as  B.  tyrannus,  A.  m.  mitchilli,  M.  m.  notaia,  M.  saxaiilis,  P. 
americanus  and  S.  maculatus,  which  were  taken  from  L.  I.  S.  and 
the  south  shore  of  Long  Island  apparently  do  not  congregate  in 
northeastern  B.  I,  S.  during  the  spawning  season. 

There  is  no  satisfactory  explanation,  to  account  for  the  scarcity  in 
B.  I.  S.  of  eggs  and  larvae  of  such  species  as  Prionolus  spp,,  P.  oblongus , 
E.  crimbrius  and  A.  americanus ,  all  of  which  were  taken  in  L.  I.  S. 
Prionolus  spp.  and  P.  oblongus  are  supposedly  common  along  the 
entire  New  England  coast  during  the  spawning  season  in  the  summer, 
and  A.  americanus  spawns  in  winter  and  early  spring.  Perlmutter 
could  not  have  taken  A.  americanus,  since  his  collections  were  made 
from  May  to  October,  but  it  seems  reasonable  to  expect  that  A. 
americanus,  as  well  as  E.  cimbrius ,  should  have  been  taken  hi  northern 
B.  I.  S.,  since  the  larvae  of  these  two  species  have  beer  collected 
in  open  waters  in  the  Gulf  of  Maine  and  to  the  east  and  south  of  Block 
Island.  Either  environmental  factors  not  yet  known  or  sampling 
errors  may  account  for  their  absence  in  B.  I.  8. 

It  is  common  knowledge  that  many  species  move  between  deeper 
and  shallower  waters  during  certain  seasons  of  the  year.  In  the 
summer,  B.  tyrannus,  C.  regalis,  S.  chrysops,  M.  saxatilis,  P.  tria- 
canihiu,  P.  carolinus  and  P,  wolans  move  into  the  Sound  and  probably 
return  to  deeper  waters  outside  in  the  fall.  In  winter,  C,  harengus, 
E.  cimbrius  and  occasionally  L,  ferruginea  move  into  the  Sound  and 
subsequently  move  outside  in  late  winter  and  spring.  Of  the  L.  I.  S. 
residents,  A.  m.  mitchilli,  S.  peckianus,  M.  m.  notata,  T.  adspersus, 
T.  onitis,  P,  carolinus,  P.  ei'olans,  L.  aquosa,  and  P-  oblongus  move 
into  deeper  water  in  late  fall  and  remain  there  until  April,  However, 
P.  americanus  and  Myoxocephalus  spp.  remain  in  shallower  areas 
during  the  winter. 

If  we  consider  observations  from  all  sources  (e.  g.,  Perlmutter, 
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Greeley,  Warfel  and  Merriman,  Merriman.  oyster  dredge  samples, 
etc.)  we  find  that  in  L.  I.  S.  as  a  whole  there  is  a  greater  variety  of 
species '  represented  by  the  juveniles  than  the  egg9  and  larvae. 
On  the  other  hand,  if  we  exclude  those  juveniles  that  are  spawned  in 
fresh  water  or  in  waters  close  to  the  littoral  zone,  then  we  find  a  larger 
number  of  species  represented  by  eggs  and  larvae  than  by  juveniles. 
Frequently  we  find  some  species  represented  by  the  eggs  and  larvae 
which  are  not  represented  by  the  juveniles,  and  vice  versa. 

Of  the  43  species  represented  by  juveniles,  25  were  not  represented 
by  eggs  and  larvae  in  our  survey  in  1952-53.  Some  of  those  not 
collected  by  us,  such  as  Pomolobus  pseudoharengus ,  Osmerus  mordax, 
Morone  americana ,  spawn  in  fresh  water.  Others,  such  as  Fundulus 
majalis,  Fundulus  heteroclitus ,  Fundulus  luciae ,  Menidia  beryllina 
cerea,  Caranx  hippos ,  Microgadus  tomcod,  Pholis  gunmllus,  either 
lay  demersal  eggs  or  spawn  close  to  shore  in  weedy  habitats.  Still 
others  appear  not  to  spawn  within  the  Sound,  namely  Conger  oceanicus , 
Urophycis  chuss,  Urophycis  regius,  Urophycis  tenuis ,  Merluccius  bili- 
nearis,  Bairdiella  chrysura ,  and  Pomatomus  salkUrix.  Synodus  foetens, 
a  southern  form  and  spring  spawner  (Breder,  1944),  appears  in  the 
Sound  during  summer. 

A  total  of  18  species  which  have  been  represented  by  juveniles  in 
previous  collections  from  L.  I.  S.  were  also  represented  by  eggs  and 
larvae  in  our  samples  from  1952-53.  This  group  includes  the  majority 
of  the  most  abundant  species,  such  as  A.  m.  mitchiUi,  M.  m.  no  tat  a, 
T.  adsperaus,  P.  americanus  and  L .  aquosa.  But  there  were  three 
species  represented  in  our  samples  by  eggs  and  larvae  which  have 
never  been  recorded  before  as  juveniles:  S.  scombrus,  L.  ferruginea, 
and  P.  obdngusd 

It  is  evident  from  the  little  we  know  about  the  life  histories  of  all 
species  that  inhabit  these  waters  that  there  is  a  constantly  shifting 
population  of  juveniles;  many  which  are  hatched  outside  enter  the 
Sound  during  their  first  year,  and  almost  as  many  which  are  hatched 
in  the  Sound  move  outside.  In  the  over-all  picture  of  L.  I.  S.  the 
importance  of  the  sublittoral  noncommercial  groups  of  fishes  must 
be  emphasized  as  well  as  that  of  the  commercially  important  species. 

During  the  two  years  of  our  survey,  the  average  number  of  eggs 
taken  throughout  the  entire  Sound  decreased  from  7.42  in  1952  to 

*  On  October  10,  1955  one  specimen  of  this  species  was  taken  at  St.  1. 
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2.30/m*  in  1953,  and  the  average  number  of  larvae  decreased  from 
0.73  to  0.3b/ms.  At  the  regular  stations,  a  striking  decrease  in  both 
numbers  and  variety  of  eggs  and  larvae  occurred  in  1953  (Table 
XXVIII).  This  appears  to  be  duo  in  largo  measure  to  anchovy 
spawning  at  the  inshore  stations,  where  larger  quantities  of  eggs  were 
taken  in  1952  as  compared  with  1953,  and  furthermore,  in  the  latter 
year  the  eggs  of  all  species  appeared  more  evenly  distributed.  The 
greater  variety  of  eggs  in  1952  may  have  been  due  to  the  fact  that 
a  greater  volume  of  water  was  sampled  that  year. 

When  a  complete  annual  cycle  of  spawning  activity  in  L.  I.  S.  is 
considered,  its  seasonal  nature  is  apparent  (Fig.  2).  Following  a 
period  of  low  spawning  activity  in  late  fall  and  winter,  a  peak  in  both 

TABLE  XXV IK,  Krqiowal  Aarxc awce  or  Eoq»  asd  Lasvae  o«*  All  Srscieb 

m  L  L  S.  in  1052—1053 

Station  Eggs/m>  Lartae/m' 


19SS 

1BSS 

19SI 

19SS 

1 

3C.0 

1.3 

0.82 

0.24 

2 

7.7 

2.9 

1.7 

0.43 

9 

4.4 

0.69 

1.1 

0.42 

S 

22.0 

4.8 

0.79 

0.29 

lOGa® 

S.9 

— 

0.07 

— 

b® 

1.0 

— 

0.07 

— 

•200a  * 

0.  74 

— 

O.Ci 

— 

b® 

0.01 

— 

1.00 

— 

300a 

— 

1.1 

— 

0.10 

*  a  Indicates  eastern  end.  b  western  end, 

variety  and  number  of  eggs  occurred  in  late  spring  and  summer 
when  conditions  were  undoubtedly  optimal  for  the  greater  percentage 
of  the  spawners.  The  low  in  abundance  of  eggs  occurred  from  No¬ 
vember  through  February  and  of  larvae  from  April  through  June; 
the  maximum  of  egg3  was  recorded  in  June  and  July  and  of  larvae 
in  September  and  October,  The  peak  in  larvae  abundance  during 
winter  clearly  reflects  the  spawning  of  A.  americanusA  No  doubt 
some  of  the  spring  spawners  produced  eggs  before  conditions  were 
suitable  for  successful  development  of  the  larvae. 

The  data  for  the  long  cruises  more  or  less  reflect  the  same  seasonal 
nature  of  spawning.  On  the  100-cruise,  a  greater  number  and  variety 

1  At  the  southern  end  of  its  range  this  genus  spawns  in  winter,  but  farther  north 
it  spawns  later  in  the  spring,  and  in  Iceland  and  Greenland  it  spawns  as  late  as  June 
(Einarsscn,  1951), 
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Figure  2.  Total  number  of  eggs  and  larvae  per  cubic  meter  from  L.  I,  S.  taken  each  month 
during  1952-1954. 

of  eggs  were  obtained,  whereas  on  the  200-cruise,  when  the  actual 
spawning  of  many  species  had  ceased,  we  found  better  representation 
of  larvae.  The  300-cruise  showed  the  decline  of  A.  americanus 
larvae,  the  continued  spawning  of  E.  cimbrius,  and  the  initial  appear¬ 
ance  of  P.  americanus  larvae. 

Regional  variations  in  abundance  of  eggs  and  larvae  were  also 
apparent.  At  the  regular  stations,  those  offshore  yielded  eggs  and 
larvae  of  the  greatest  variety  of  species,  the  major  ones  being  A,  m. 
rn-itchilh,  B.  t^r annua,  E,  cimbrius,  A.  americanus,  and  L.  aquosa. 
Eggs  and  larvae  of  A.  m.  mitchilli,  E.  cimbrius,  T.  adsversius,  T. 
omtis ,  A.  americanus ,  and  P.  americanus  occurred  in  greater  afcun- 
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dance  at  the  inshore  stations.  A  few  larvae,  more  usually  collected 
near  shore,  were  taken  at  St.  5:  M.  m.  notata,  S.  peckianus,  M.  saxaiilis, 
and  5.  maculalus.  Eggs  and  larvae  of  more  species  were  collected 
at  the  eastern  than  at  the  western  end  of  the  Sound,  but  more  eggs 
were  actually  taken  at  the  western  end;  these  facts  were  more  evident 
from  data  of  the  100-cruise  than  from  those  of  the  200-cruise, 

Though  desirable,  a  discussion  of  the  larval  survival  of  each  species 
on  the  basis  of  the  information  at  hand  is  not  possible,  since  data  on 
size  composition  of  the  larval  population,  net  selectivity,  escapement, 
differences  in  daily  growth  rates,  etc.  (Ahlstrom,  1954)  would  be 
necessary  to  arrive  at  a  reasonable  figure.  Ahlstrom,  in  work  on 
S.  caerv.Ua,  arrived  at  a  minimum  suivival  figure  of  1  in  1,000  for 
larvae  up  to  21  mm.  In  our  survey,  the  number  of  larvae  captured 
in  1952  was  10%  of  the  total  number  of  eggs,  and  in  1963  it- was  15%, 
including  larvae  that  were  hatched  from  demersal  eggs  which  were 
not  collected.  Obviously  this  rough  estimate  of  10  and  15%  is 
unduly  high  and  is  not  a  valid  indication  of  larval  survival.  There¬ 
fore,  it  seems  feasible  to  limit  our  considerations  tc  the  phj’sical 
and  biological  factors  that  influence  the  location  and  abundance  of 
eggs  an  .  larvae. 

The  primary  physical  factors  that  may  cause  fluctuations  in  egg 
abundance  are  salinity  and  temperature,  tidal  currents  and  nontidal 
drifts,  wind  force  and  direction,  and  precipitation.  Since  each  species 
has  definite  salinity  and  temperature  requirements  for  successful  egg 
development,  it  is  quite  reasonable  to  assume  that  oceanic  fish  were 
prevented  from  spawning  in  the  Sound  where  salinity  over  a  year 
ranged  between  24.00  and  30.00%o  and  dropped  as  low  as  18.15^p  near 
river  mouths  during  spring.  In  spring  1953,  a  lowered  salinity  due  to 
abnormal  precipitation  may  have  been  one  of  the  factors  that  delayed 
the  summer  spawning  season  of  a  number  of  species  (see  also  Merriman 
and  Sclar  for  a  discussion  of  the  possible  effect  of  abnormal  salinity 
on  survival  of  butterfish,  weakfish  and  cunner  eggs  in  B.  I.  §.). 

In  the  Sound  the  annual  temperature  range  is  great,  from  0.85  to 
23.50°  C.  While  such  extensive  variations  may  discourage  some  species 
from  spawning  here,  it  docs  provide  a  varied  environment  which  is  suit¬ 
able  for  a  greater  number  of  species  than  would  be  expected  otherwise. 
A  delayed  spawning  of  L.  aquosa  and  the  continued  appearance  of 
A.  m.  mitchilli  and  B.  tyrarinus  larvae  in  autumn  1953  may  have  been 
due  to  a  consistently  higher  temperature  at  that  time. 
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According  to  Walford  (1933;  and  Oarruthers  and  co-workers  (1951), 
surface  drift  and  wind  variations  may  have  a  decided  effect-  on  larval 
survival.  In  the  Sound,  surface  drift  may  have  been  responsible 
for  the  presence  of  larvae  of  sublittoral  spawners  at  offshore  St.  5, 
but  it  was  concluded  that  the  surface  drift  of  inshore  waters  was 
not  influential  in  causing  the  varied  distribution  of  the  eggs  of  cun- 
ner,  tautog,  and  anchovy. 

The  major  biological  factors  which  influence  egg  abundance  include 
the  habits  of  each  species,  the  food  available  for  both  larvae  and 
adults,  and  predation.  While  much  is  known  about  the  life  history 
of  some  species  that  frequent  the  Sound,  relatively  little  is  known 
about-  others,  Such  information  is  ejctremely  valuable  in  a  study 
of  this  nature,  and  much  remains  to  be  done  in  obtaining  the  basic 
information.  However,  even  if  fairly  complete  biological  data  be¬ 
come  available,  variations  in  biological  as  well  as  physical  factors 
which  influence  egg  production  will  complicate  analysis.  In  L.  I.  S. 
the  number  and  distribution  of  eggs  of  schooling  species  fluctuated 
somewhat  more  than  did  those  of  the  eemischooling  or  solitary  fish, 
probably  due  in  large  measure  to  the  uniform  behavior  patterns  and 
requirements  of  these  schooling  fish.  In  1952  the  menhaden  appeared 
in  early  summer  when  the  phytoplankton  was  abundant  whereas 
at  the  same  time  in  1953  it  did  not  turn  up  when  the  phytoplankton 
was  less  pientifui.  Actually,  less  species  spawn  during  the  phyto¬ 
plankton  bloom  than  at  other  times.  It  appears  that  the  larvae 
do  not  fully  utilize  the  plentiful  supply  of  zooplankton  that  is  avail¬ 
able  in  the  Sound,  and  a  study  of  feeding  analyses  would  be  highly 
desirable. 

From  our  data  we  estimate  that  the  average  number  of  eggs  per 
year  for  all  species  is  2-7  per  cubic  meter.  WTen  we  consider  other 
studies  in  this  survey,  L.  I.  S.  has  a  high  potential  as  a  spawning 
area  and  nursery  ground  for  the  young.  Unfortunately,  no  organized 
quantitative  studies  of  juveniles  have  been  made  in  this  area,  hence 
the  importance  of  this  element  of  the  population  in  the  over-all  picture 
cannot  be  evaluated.  But  previous  observations  have  indicated 
that  the  adult  fishery  in  the  Sound  is  considerably  smaller  than  that 
of  B.  I.  S.  Although  data  indicate  a  nch  planktonic  and  benthic 
fauna  it  appears  that  the  fish  population  in  L,  I.  S.  does  not  com¬ 
pletely  utilize  the  available  food  supply. 
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Addendum  ox  Egg  Diameter  Degrease 


The  eggs  of  some  species  which  have  long  spawning,  seasons,  such  as 
B.  tyrannus,  E.  cimbrius ,  and  T.  adspersus,  showed  a  decrease  in  egg 
diameter  as  the  season  progressed.  Whether  this  decrease  was 
natural  or  artificial  we  do  not  know,  but  five  possible  explanations 
seem  pertinent. 

1.  The  decrease  in  diameter  may  be  correlated  with  the  length 
of  time  the  eggs  were  preserved.  Gorbunova  (1952)  found  that  eggs  of 
the  gadid  Theragra  chalcogramma,  taken  in  the  Japan  Sea,  shrank  no¬ 
ticeably  when  preserved  for  5  to  10  months  in  2%  formalin.  Measure¬ 
ments  of  eggs  of  some  species  taken  in  L.  I.  S.  indicate  that  a  decrease 
occurred  in  both  nature  and  preservative.  Of  eggs  taken  during 
spring  1952  at  the  same  time  and  location,  some  were  measured 
after  G  to  8  months  while  the  others  were  measured  after  24  to  23 
months  in  the  identical  preservative,  giving  an  interval  of  18  months 
between  measurements;  the  latter  eggs  were  smaller  than  the  former, 
thus  indicating  an  artificial  decrease  due  to  preservation  beyond  a 
progressive  natural  decrease  that  had  also  been  observed.  A  natural 
decrease  in  size  during  the  spawning  season  was  demonstrated  in  the 


eggs  of  A,  m.  miichilli  and  of  other  upecieu,  those  taken  on  the  100- 


c rules  in  June  were  larger  than  those  obtained  during  the  summer 
at  the  regular  stations;  further  confirmation  ia  found  in  the  fact  that 
the  larger  eggs,  taken  earlier,  were  measured  12  months  later  than 
the  others. 

While  preservation  may  bring  about  some  decrease  in  egg  size, 
our  data  indicate  that  there  is  quite  certainly  a  decrease  in  nature 
due  to  one  or  more  factors.  More  complete  observations  are  being 
performed  to  determine,  if  possible,  the  effect  of  long  preservation 
on  the  egg  size  of  each  species.  Further  study  is  also  needed  to 
ascertain  the  extent  of  changes  in  egg  size  in  nature. 

2.  The  decrease  in  size  may  be  correlated  with  the  shape  and 
structure  of  the  eggs.  Many  eggs,  such  as  those  of  S.  caerulea  (Ahl- 
strom,  1943),  Ilippoghssoides  platesscides  (Bigelow  and  Schroeder, 
1953),  Sardinops  ocellata  (Davies,  1954),  and  T.  chalcogramma  (Gor¬ 
bunova,  1952),  swell  and  develop  a  large  perivitelline  space  when  they 
come  in  contact  with  water.  Similar  behavior  is  found  in  the  egg 
of  B.  tyrannus,  which  showed  marked  diameter  differences  during 
spring  and  fall  in  L.  I.  S.  While  eggs  with  a  large  perivitelline  space 
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may  be  more  susceptible  to  changes  in  either  sea  water  or  preservative, 
it  is  probably  not  the  only  factor,  since  eggs  without-  such  a  space 
also  show  a  tendency  to  decrease, 

3.  The  size  may  be  affected  by  changes  in  environmental  factors 
such  as  salinity,  temperature,  or  density  of  the  water  mass.  Delsman 
(1931),  in  observations  on  the  size  of  Cybium  gullalum  eggs,  demon¬ 
strated  that  an  increase  in  s&liiity  caused  a  decrease  in  diameter, 
and  he  maintained  that  this  same  phenomenon  had  been  observed 
in  the  Baltic  and  North  Sea,  Hildebrand  and  Cable  (1934)  believed 
that  the  apparent  descrepaney  in  the  size  of  C.  regalis  eggs  measured 
by  Welsh  and  Breder  (i923)  may  have  been  due  to  differences  in 
salinity.  Other  investigators  have  maintained  that  temperature  was 
the  more  important  factor.  Fish  (1928)  demonstrated  that  cod  eggs 
fertilized  in  cold  water  were  larger  than  those  fertilized  in  warm  water, 
and  Sette  (r943),  on  the  basis  of  Fish’s  observations,  maintained 
that  temperature  alone  could  be  responsible  for  differences  in  the 
size  of  fish  eggs  of  the  same  species.  Sette,  in  his  own  work  on  5, 
scombrus  eggs,  reported  a  tendency  of  the  eggs  to  decrease  in  size 
as  the  spawning  season  advanced,  a  tendency  which  he  felt  might 
be  applicable  to  the  eggs  of  all  species  taken  during  his  investigation. 
Ehrenbaum  (1923)  noted  the  same  condition  in  the  eggs  of  the  Euro¬ 
pean  mackerel.  Some  years  later,  Fridrikason  and  Timmermann 
(1951),  working  with  herring,  concluded  that  the  eggs  of  the  Ice¬ 
landic  race  were  larger  than  those  of  European  or  Norwegian  races, 
but  they  make  no  mention  of  comparative  sizes  of  the  adults  relative 
to  the  locality,  a  factor  which  may  be  important.  It  see-ms  reasonable 
to  postulate  that  lower  temperatures  around  Iceland  may  have  been 
responsible  for  the  larger  eggs.  Farran  (1038)  discovered  that  the 
ovary  of  spawning  Irish  herring  had  fewer  but  larger  eggs  in  the 
spring  than  in  the  fall.  This  phenomenon  is  primarily  genetic  in 
origin,  but  he  maintained  that  it  may  have  resulted  from  the  cooler 
spring  water  temperatures. 

Rass  (1941)  stated  that  the  size  of  eggs  of  aquatic  animals  was 
inversely  proportional  to  the  breeding  temperature,  but  Marshall 
(1953)  maintained  that  this  was  an  oversimplification.  According 
to  Marshall's  viewpoint,  the  larger  eggs  of  species  that  inhabit  oceanic 
bathypelagic  and  poiar  inshore  waters  hatch  into  relatively  larger 
larvae;  these  in  turn  have  an  advantage  over  smaller  larvae  in  that 
they  require  less  food  for  their  size  and  have  greater  swimming 
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powers,  thus  enabling  them  to  obtain  planktonic  food  more  success¬ 
fully  in  areas  where  it  is  less  abundant. 

In  L.  I.  S.,  menhaden  eggs  in  the  spring  were  larger  than  those  in 
the  fall,  and  the  spawning  period  of  most  species  whose  eggs  decreased 
in  size  occurred  when  water  temperatures  were  steadily  increasing.7 

4.  The  size  of  the  egg  may  be  correlated  with  the  size  of  the  parent 
fish.  Toots  (1951)  demonstrated  that  the  larger  whitefish  {Coregonus) 
from  seven  northern  Swedish  lakes  usually  have  larger  eggs  on  the. 
average  than  the  smaller  fish.  But  he  did  not  state  whether  the 
smaller  fish  as  a  gToup  Spawned  earlier  or  later  than  the  larger  fish 
in  the  same  population,  nor  did  he  indicate  whether  the  populations 
of  different  lengths  spawned  simultaneously  in  the  different  lakes. 
Since  the  number  of  eggs  per  gram  weight  was  greater  in  fish  of  smaller 
length,  he  reasoned  that  the  eggs  must,  therefore  be  smaller.  Both 
Clark  (1934)  and  Kisselwitch  (1923)  found  that  the  total  number 
of  eggs  was  greater  in  larger  specimens  of  the  California  sardine  and 
the  Caspian  herring  and  that  the  number  of  eggs  increased  with 
the  square  of  the  length.  But  they  draw  no  conclusions  as  to  whether 
or  not  the  size  of  the  eggs  changed  with  length  of  the  fish.  Clark 
observed  that  the  larger  sardines  spawned  longer  and  later  than 
the  smaller  ones,  but  she  did  not  note  the  size  of  the  egg3  throughout 
the  season.  No  information  on  this  subject  is  available  for  L.  I.  S., 
since  the  parents  were  not  collected. 

5.  The  size  of  tho  egg  is  affected  by  the  metabolism  of  the  parent. 
In  the  process  of  producing  the  genital  products  and  of  spawning, 
a  fish  is  probably  sufficiently  affected  physiologically  so  that  eggs  of 
equal  size  are  not  produced  over  the  whole  period.  Clark  (1934), 
working  with  S.  caer'ulea  which  spawns  as  much  as  three  times  during 
its  long  spawning  period  (February  to  August),  found  that  a  new 
group  of  the  eggs  was  ripening  as  the  ripe  ova  were  being  spawned. 
She  stated  .  .  the  decrease  throughout  the  season  in  ratios  of 
the  different  groups  of  eggs  [of  small  to  large  eggs  in  the  ovary]  did 
not  result  from  changes  in  the  sizes  of  fish  making  up  the  catch  but 
was  brought  about  by  the  spawning  out  of  successive  batches  of  eggs 
.  .  .  presumably  as  the  spawning  season  advanced,  succeeding  groups 
of  eggs  failed  to  undergo  a  corresponding  growth  and  spawning 
finally  ceased  after  the  largest  group  of  eggs  had  been  spawned  out.” 

7  Of  the  four  fall  spawr.crs,  only  the  menhaden  eggs  showed  a  change  in  size — a 
slight  increase  between  August  and  October. 


310 


Bulletin  of  the  Bingham  Oceanographic  Collection 


[XV 


This  then  would  leave  us  in  doubt  as  to  whether  smaller  eggs  resulted 
with  each  successive  spawning. 
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ABSTRACT 

Net  plankton  samples,  collected  occasionally  during  1953  from  the  central  part  of 
Long  Island  Sound,  were  analyzed  for  wet  and  dry  weight,  ash,  chlorophyll,  total 
phosphorus  and  total  nitrogen.  The  phytoplankton  samples  showed  seasonal  varia¬ 
tions  in  ash  which  are  explained  by  changes  in  the  relative  abundance  of  certain 
species;  they  also  showed  variations  in  chlorophyll,  which  may  be  e.vplained  as  an 
adaptation  of  the  phytoplankton  to  seasonal  changes  in  illumination.  In  contrast 
to  ash  and  chlorophyll,  the  nitrogen  and  phosphorus  remained  relatively  constant 
throughout  the  year,  although  the  average  N:P  ratios  for  the  two  groups  were  dif¬ 
ferent.  These  ratios  are  discussed  in  relation  to  the  inorganic  nutrient  supply  of 
the  Sound. 
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INTRODUCTION 

Routine  plankton  observations,,  comprising  counts,  chlorophyll 
analyses,  and  zooplankton  displacement  volumes,  have  provided  the 
main  basis  for  the  description  of  plankton  distribution  and  seasonal 
variation  in  Long  Island  Sound.  However,  it  was  decided  that 
additional  measurements  of  wet  and  dry  weight,  ash,  chlorophyll, 
total  phosphorus,  and  total  nitrogen  on  a  few  plankton  samples 
would  facilitate  studies  on  the  dynamic  aspects  of  production  and 
utilization  of  plankton  and  on  the  transformation  of  nutrients  in 
the  Sound.  Samples  were  collected  periodically  during  1953  at  the 
locations  and  dates  listed  in  Table  I.  While  only  a  few  samples 
were  taken,  it  was  hoped  that  they  would  reveal  any  large  seasonal 
fluctuations  in  chemical  composition,  which,  if  they  existed,  would 
affect  the  dynamic  studies  just  mentioned. 

In  addition  to  the  weights  and  chemical  measurements,  the  species 
composition  of  the  phytoplankton  samples  was  determined,  since  it 
seemed  likely  that  species  variations  might  have  some  effect  on  the 
results.  The  counts  were  made  by  Shirley  M.  Conover,  and  her  help 
is  gratefully  acknowledged. 

METHODS 

S  CL?!l'nlili£ .  All  samples,  phytoplankton  and  zooplankton,  were 
obtained  by  surface  tows.  The  phytoplankton  samples  were  col¬ 
lected  in  a  net  of  bolting  silk,  30  cm  in  diameter,  which  had  a  pore 
size  of  75a  and  which  retained  the  larger  members  of  the  phytoplank¬ 
ton  population.  A  second  net  with  a  larger  pore  size  of  415m  was 
suspended  inside  the  phytoplankton  net,  and  this  served  to  screen 
and  thus  eliminate  the  larger  zooplankton  from  the  phytoplankton 
sample.  In  order  to  catch  the  smaller  phytoplankton  as  well,  it 
would  have  been  necessary  to  use  a  net  with  a  pore  size  smaller  than 
7 5mj  but  this  was  impossible  since  such  a  net  would  have  retained 
large  quantities  of  detritus.  The  zooplankton  samples  that  were 
used  for  the  analyses  were  collected  in  another  net,  40  cm  in  diameter, 
with  a  pore  size  of  415m  which  retained  only  the  larger  members  of 
the  zooplankton  population.  Unfortunately,  it  was  practically  im¬ 
possible  to  obtain  a  quantitative  separation  of  the  two  plankton  groups 
because  of  their  overlap  in  size,  especially  in  summer.  It  was  also 
difficult  to  obtain  a  phytoplankton  sample  of  workable  size  except 
in  the  spring  flowering  period. 
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Contamination  of  the  Jane  1  phytoplankton  samples  by  zooplankton 
and  detritus  explains  the  high  phosphorus  and  nitrogen  and  the  low 
ash  and  chlorophyll  relative  to  those  values  obtained  for  other  phyto¬ 
plankton  samples.  This  sample  had  a  zooplankton  count  which  vraa 
15%  that  of  the  phytoplankton  count;  and,  since  the  zooplankton 
were  the  larger  organisms,  the  percentage  of  zooplankton  organic 
matter  in  the  sample  was  probably  much  greater  than  15%. 

Analytical.  The  zooplankton  samples  were  filtered  under  suction 
on  No.  10  bolting  silk,  the  phytoplankton  samples  on  No.  20  bolting 
silk.  The  sample  was  washed  with  a  small  volume  of  distilled  water 
and  suction  was  reapplied  to  remove  as  much  water  as  possible  before 
determining  the  wet  weight.  The  dry  weights  were  determined  after 
the  samples  had  been  dried  in  an  oven  at  95°  C.  Since  there  was 
considerable  error  in  the  wet  weight  determinations,  especially  for 
phytoplankton,  all  chemical  analyses  are  referred  to  the  dry  weights. 

The  percentage  of  organic  matter,  which  is  assumed  to  equal  the  loss 
in  weight  upon  ignition,  was  determined  on  a  fraction  of  each  sample. 
Suspensions  of  fresh  phytoplankton  catches  were  used  to  determine 
the  chlorophyll  content,  as  described  in  this  volume  by  Riley  and 
Conover. 

Nitrogen  and  phosphorus  analyses  were  carried  out  on  10-15  mg 
fractions  of  the  dried  samples,  For  nitrogen,  samples  were  digested 
with  0.2  ml  HsS04  and  4-5  drops  Ha03,  the  amount  of  ammonia 
then  being  determined  by  the  standard  micro-Kjeldahl  method  as 
described  by  Pregl  (1930:  109-118). 

At  first,  phosphorus  samples  were  digested  with  nitric  and  perchloric 
Bcids,  followed  by  3  ml  HC1  so  a*  to  volatilize  arsenic  prior  to  the 
determination  of  phosphorus  by  the  modified  Deniges-Atkins  method. 
Because  the  phosphorus  content  of  the  samples  appeared  low,  the 
digestion  method  was  checked  against  the  sulfuric  acid-hydrogen 
peroxide  method  that  was  used  for  the  nitrogen  determinations. 
The  latter  method  gave  higher  values.  Cooper  (1934)  attributed 
the  low  results  obtained  in  certain  oxidation  methods  to  interference 
in  color  development  by  oxidizing  agents  remaining  in  the  mixture. 
An  investigation  of  the  nitric-perchloric  method  revealed  that  it 
could  give  values  for  phosphorus  that  were  equal  to  those  obtained 
by  the  sulfuric  acid-hydrogen  peroxide  method  provided  greater 
care  was  taken  to  prevent  loss  of  perchloric  acid  fumes  from  the 
digesting  mixture,  to  get  rid  of  all  nitric  acid  after  digestion  was 
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TABLE  T.  Cesmwai.  Composition  or  Phytoplankton  and  Zooplankton 
Ph-jtoplsrJcton 

Perrer.t  Percent 


- - - — Dry  Weight - r-Grgani:  Matter— 

Dry  n't. 


Sts’ 

Date 

[%  Wet 
Wi., 

Org. 

matter 

Ash 

Chler. 

P 

S 

Chlor. 

P 

•V 

S:P 

8 

Jan.  27 

ie.o 

29.6 

70,4 

0.35 

0.33 

2.25 

1.19 

1 .11 

7.6 

0.8:1 

2 

Feb.  IS 

14.6 

27.3 

72.7 

0.40 

Q .  26 

2.3? 

1.47 

0.96 

8.5 

0.1:1 

3,  2 

Mar,  0 

10.2 

27,2 

72  S 

0.40 

0.38 

2.87 

1.47 

1.32 

10  5 

8.0:1 

1.  2 

Mar.  23 

10  2 

38.2 

61.8 

0.55 

0.27 

2.09 

1.44 

0.71 

5.5 

7.9:1 

5 

June  1 

q 

57.3 

42.7 

0.15 

0.73 

4.77 

0.28 

1.27 

8.3 

6.0:1 

N.H.H. 

July  7  <a ; 

17.8 

71.0 

28,4 

0.31 

0.  57 

4.15 

0.43 

o.so 

5  8 

7.3:1 

N.H.H. 

July  7(b) 

19.3 

49.1 

50,9 

0.30 

0,64 

4.43 

0.60 

1.30 

9  0 

7.0:1 

2,  8 

Aug.  4 

8.0 

38.6 

61.4 

0,16 

0.46 

2.73 

0.41 

1.24 

7.  1 

6.9:1 

8 

Feb  1 

10.5 

30.9 

69.1 

0.33 

0.32 

2.24 

1.07 

1.03 

7.0 

7,0:1 

Attract 

16.0 

41.1 

58.9 

0  33 

P.44 

3.10 

0.93 

1.05 

7  7 

7.3:1 

Zooplankton 


5 

J&n.  19 

9.4 

— 

— 

0.97 

10.80 

— 

— 

11.1:1 

e 

Jan.  27 

12.1 

85.0 

14.1 

0.87 

9.90 

1.04 

11.0 

10.0:1 

8 

Apr.  16 

in. 9 

78.6 

21.4 

0.70 

9.25 

0.59 

11.7 

13.1:1 

8 

Apr.  15 

8.9 

72.0 

28.0 

0.69 

8.37 

0.96 

11.6 

12.1:1 

2 

July  7 

12.0 

87.3 

12.7 

1.03 

0.78 

i.20 

112 

9.3:1 

S 

Nov.  23 

8.0 

74.5 

25.5 

0.59 

5.56 

0.79 

7.6 

9.5.1 

A  ter  age 

10.8 

79.7 

20.3 

0.82 

8.91 

0.98 

10.6 

JO. 0:1 

•  Numbered  siatJcns  are  routine  stations  shown  in  Fi«.  1  of  Riiey'a  Intsoodction  to  thi* 
volume.  N.H.H.  refers  to  New  Haven  Harbor. 


completed,  and  to  wash  the  precipitate  in  the  digested  sample  three 
or  four  times.  The  results  in  Table  I  were  obtained  with  the  sulfuric 
acid-hydrogen  peroxide  method,  with  an  additional  step  of  volatilizing 
arsenic  with  HC1. 


RESULTS 

The  results  of  chemical  analyses  are  summarized  in  Table  I. 

Phytoplankton.  The  ash  averages  58,9%  of  the  dry  weight,  with 
a  slightly  higher  average  of  69,4%  for  the  five  winter  samples.  This 
indication  of  a  seasonal  trend  agrees  with  the  findings  of  other  in¬ 
vestigators.  For  example,  Moberg  (1928)  reported  that  the  average 
ash  content  of  net  phytoplankton  in  California  waters  was  75%  of 
the  dry  weight  between  October  and  February  and  25.5%  from  May  to 
June.  Table  II  shows  that:  the  seasonal  trend  results  from  changes 
in  species  composition  of  the  samples;  the  winter  phytoplankton 
samples  are  almost  solely  diatoms,  of  which  a  single  species,  Skele- 
icmem.a  costatum,  makes  up  72%.  82.7%,  96.6%  and  72.2%  of  the 
total  cell  count  in  the  Jan.  27,  Feb.  18,  Mar.  9  and  Mar.  23  samples 
respectively;  the  summer  samples  contain  large  proportions  of  other 
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TABLE  II.  Spkcie3  Composition  oy  tee  Phytoplankton  Samples  in 
Pebcentages  or  tht  Total  Cell  Count 


cues 


//*  7 

17/13 

7/7/0 

I II/23 

VI/I 

VUf? 

VIt/7 

vim < 

Skeletonema  cortaium 

72.1 

82. 7 

96.  a 

72.2 

1.8 

— 

— 

Thjiiassiasirii  decipiem 

8.1 

4.6 

0,7 

— 

3.1 

— 

— 

— 

T.  nordenskidldii 

2.3 

2.1 

— 

3.7 

— 

— 

— 

— 

TfiaUusitmerra  nittschioides 

9.5 

52 

0.3 

1.0 

1.1 

— 

— 

0.5 

taut ieria  borealis 

— 

— 

— 

SO 

— 

— 

— 

— 

A fe'Asira  sulcata 

4.5 

1.8 

0.8 

1.3 

1.3 

— 

— 

— 

Sit! schia  closterfum 

— 

— 

— 

— 

— 

26.0 

14.3 

— 

S.  puntens  var.  athmiica 

— 

— 

— 

— 

8.0 

— 

— 

— 

Astertonella  japonica 

0  3 

— 

— 

3.3 

— 

8.7 

0.6 

— 

Ctoetoceras  ay  nil 

0.2 

— 

— 

— 

— 

— 

— 

8.6 

C.  nrrlselus 

0,3 

— 

— 

— 

— 

— 

— 

5.9 

C.  compress'll 

O.S 

0.7 

— 

— 

— 

— 

— 

1.1 

C.  danicus 

— 

— 

— 

1.3 

2.7 

— 

■— 

— 

C.  deetpiens 

— 

— 

— 

O.Q 

18.0 

— 

2.8 

84.0 

C,  radiants 

— 

— 

— 

0.6 

— 

— 

— 

— 

Coscinodiscus  radiai'us 

— 

— 

— 

— 

— 

— 

— 

2.7 

C.  perforate!  Tar.  cslluiosa 

— 

— 

— 

— 

— . 

— 

— 

3.0 

C.  centralis  var.  pacifica 

— 

— 

— 

— 

— 

3.1 

34.5 

2.6 

FU'iiiosnlerAa  delicatula 

0,2 

— 

— 

— 

4 , 5 

— 

— 

— 

PrcrroccrJrum  scutcllum 

— 

• — 

— 

— 

— 

— 

— 

8.7 

Thalassiosira  gratida 

— 

— 

— 

— 

— 

— 

— 

1.4 

T.  rotula 

— 

— 

— 

— 

1.1 

— 

1.0 

— 

Perliinium  troctjjideum 

— 

— 

— 

— 

53.3 

— 

— 

— 

Gcmiaulaz  afric'ana  (?) 

— 

— 

— 

— 

1.1 

43,8 

32.1 

— 

O.  cochlea 

— 

— 

— 

— 

— 

6,1 

10.8 

— 

EivHtiia  «rpp, 

— 

— 

— 

— 

2.0 

1.0 

— 

TjnldeuUfied  jjeaoaw  diatoms 

— 

— 

— 

— 

— 

8.7 

0.0 

— 

Total 

wa .  3 

97 . 4 

03 . 2 

87 . 8 

84.0 

run  r\ 

ertr  t 

qo  3 

99. 1 

phytoplankton,  especially  dinoflagellates,  of  which  Goniaulax  spp. 
make  up  about  half  the  cell  count  in  the  two  July  samples.  A  larger 
percentage  of  ash  from  diatoms  accounts  for  the  higher  ash  content 
in  the  winter  samples. 

It  would  be  interesting  to  know  the  relative  proportions  of  the 
various  constituents  of  diatoms  and  dinoflagellates  that  coexist  in 
nature,  since  most  data  are  acquired  from  pure  cultures  of  single 
species.  Table  III  represents  a  rough  approximation  of  the  composi¬ 
tion  of  Goniaulax  and  Coscinodiscus  as  calculated  from  the  July  7(a) 
and  7(b)  samples.  These  genera  make  up  the  greater  percentage  of  the 
total  cell  count  of  these  two  samples  and,  since  they  are  the  only 
large  forms  present  in  appreciable  numbers,  it  may  be  assumed  that 
they  represent  the  entire  volumes  of  the  samples.  An  equation  is 
set  up  for  each  sample,  using  the  number  of  cells  of  each  genus  in  the 
sample  as  coefficients  for  the  chemical  component  to  be  solved; 
these  are  then  equated  to  the  total  weight  of  that  component  in  the 
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sample.  The  two  equations  are  solved  simultaneously.  For  example: 

(a)  0.122  -f  o.42y  ~  244.5 

(b)  4.992  +  6.27 y  =  895.5  , 

where  x  =  weight  in  mg  of  10s  Coscinoducus  cells,  y  —  weight  in  mg  | 

of  103  Goniaulax  cells  and  where  244,5  and  895,5  are  the  wet  weights 
in  milligrams  of  the  July  7(a)  and  7(b)  samples  respectively.  As  a  j 

check  on  the  algebraic  method,  the  wet  weight  per  million  cells  is  ; 

converted  to  an  estimate  of  volume  by  assuming  a  specific  gravity  \ 

of  1.03  which  is  then  compared  with  observed  volumes.  While  ; 

calculated  and  observed  dimensions  vary  slightly,  the  correction 

! 

TABLE  III.  Covpoamoj?  or  Goniaulax  asp  Ccscincdiscus  1 


Percerd  Percent 

Me! UP  cells  Dry  Welsh:  Organic  Mater 


Gem. 

Cose. 

Gon. 

Cose. 

Gon. 

Cose, 

Wet  weight 

42. 8 

129.3 

... 

— 

_ 

— 

Dry  weight 

7.2 

23.7 

— 

— 

— 

— 

Organic  matter 

5,3 

10.8 

73.6 

41.2 

— 

— 

Ash 

1.9 

15.1 

26.4 

58.8 

— 

— 

Chlorophyll 

0.02a 

0.075 

0.31 

n  29 

0.41 

0 

Nitrogen 

0.2CS 

1.166 

4.14 

'.63 

5.62 

11.00 

Fcosphorus 

0.041 

«  m 

V  .  k  1  X 

(j  K1? 

0.96 

0  77 

l.fil 

G-ynic  idn?  Casdncdiscus 

Calculated  diameter  »  46  x  30  S3 

Observed  diameter  m  85  j  2S  50  —  160  mean 

about  110  n 


for  which  would  decrease  the  weight  of  Goniaulax  and  increase  that  of 
Coscinoducua,  the  results  are  sufficiently  accurate  to  give  some  indica¬ 
tion  of  the  differences  between  diatoms  and  dinoflagellates.  The  data 
in  Table  III  support  the  conclusion  that  seasonal  variations  in  ash 
are  due  to  changes  in  relative  abundance  of  certain  species,  since 
Goniaulax  has  only  half  as  much  ash  as  Coscinodiscus. 

That  there  is  some  seasonal  variation  in  chemical  composition  is 
borne  out  by  the  chlorophyll  values.  When  the  chlorophyll  per¬ 
centages  for  the  five  winter  and  four  summer  samples  are  averaged 
separately,  chlorophyll  .comprises  1.33%  of  the  organic  content  in 
winter  and  0.43%  in  summer.  If  we  assume  that  4,4  Harvey  Units 
of  plant  pigment  are  equivalent  to  1  yg  chlorophyll  (see  Riley  and 
Conover's  paper),  then  the  winter  samples  average  5850  HU/ing  P, 
the  summer  samples  1850  HU/mg  P,  These  values  are  considerably 
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lower  than  the  12500  HU/mg  P  reported  by  Harvey,  et  al.  (1935)  for 
the  spring  flowering  period  in  the  English  Channel. 

In  contrast  to  chlorophyll,  phosphorus  and  nitrogen  do  not  show 
a  regular  seasonal  variation.  Variations  from  sample  to  sample  may 
be  as  great  as  100%,  but  this  is  much  less  than  the  300%  difference 
betw  een  summer  and  winter  chlorophyll.  However,  Table  III  indicates 
that  there  are  variations  between  species  and  that  eummer  diatoms 
may  be  richer  in  nitrogen  and  phosphorus  than  winter  diatoms.  The 
ratio  of  nitrogen  to  phosphorus  averages  7.3:1  by  weight  or  16.7:1 
by  atoms,  with  relatively  small  deviations.  This  average  agrees  well 
with  Fleming’s  average  of  7:1  (Fleming,  1939). 

Zooplankton.  Table  I  reveals  that  zooplankton  have  a  more  nearly 
uniform  composition  throughout  the  year  than  phytoplankton.  The 
April  15  and  November  23  samples  are  undoubtedly  contaminated 
with  phytoplankton,  since  both  contain  precipitates  which  must  be 
centrifuged  out  after  digestion  of  the  samples.  Copepods  made  up 
about  95%  of  the  zooplankton  in  the  samples,  and  contamination 
by  phytoplankton  may  explain  why  the  average  ash  content  was 
higher  and  the  phosphorus  and  nitrogen  values  lower  than  one  would 
expect  for  copepods,  considering  values  quoted  by  Vinogradov  (1953: 
381-387),  Vinogradov’s  flgurcs1  for  Calamus  finmarchicus  are  9.0- 
10.2%  N  and  1.02%  P  as  percentage  dry  weight,  while  the  Long 
Island  Sound  samples  are  8.91%  N  and  0.82%  P.  The  difference  is 
accentuated  by  the  higher  ash  content,  of  the  Sound  samples,  but 
both  give  a  N:P  ratio  of  11:1.  When  the  November  sample  is 
omitted  from  consideration,  the  percentage  of  nitrogen  in  the  organic 
matter  is  very  constant. 

Fleming’s  average  N  :P  ratio  of  7.4:1  for  zooplankton  is  much  lower 
than  that  of  the  Long  Island  Sound  zooplankton.  Fleming  points 
out  that  there  is  no  reason  why  the  ratio  should  be  the  same  in  phyto¬ 
plankton  and  zooplankton,  since  the  latter  are  physiologically  much 
more  complicated  than  single  ceil  organisms,  yet  it  is  shown  in  the 
following  discussion  that  the  phytoplankton  are  able  to  maintain 
a  fairly  constant  ratio  under  quite  different  environmental  conditions. 
Average  N  :P  ratios  are  calculated  from  only  a  few  analyses  which 
vary  from  author  to  author  and  species  to  species,  hence  such  over-all 
averages  probably  have  no  validity  when  applied  to  a  particular  area. 

1  Recalculated  from  Vinogradov's  PiOj  values. 
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DISCUSSION 

Redfield  (1934)  was  the  first  to  point  out  that  the  ratio  of  inorganic 
N  ;P  in  ocean  water  is  nearly  constant  and  is  identical  to  the  ratio 
of  these  elements  in  plankton.  He  also  pointed  out  that  limited 
bodies  of  water  may  have  lower  N:P  ratios  than  average  ocean 
water,  and  he  has  presented  data  that  show  a  ratio  of  10:1  by  atoms 
for  the  English  Channel.  In  the  Sound  a  still  more  extreme  condition 
has  been  noted  (see  Riley  and  Conover’s  paper).  The  maximum  N:P 
ratio  in  winter  is  about  8:1,  and  for  several  months  following  the 
spring  phytoplankton  flowering,  nitrate  is  almost  entirely  depleted* 
while  considerable  phosphate  remains.  However,  the  data  show 
that  the  ratio  of  N :P  in  Long  Island  Sound  phytoplankton  is  almost 
constant  within  analytical  error  and  that  this  ratio  is  strikingly  close 
to  that  of  open  ocean  water  in  spite  of  the  dissimilar  N:P  ratios  of 
these  two  types  of  water. 

In  the  laboratory,  Ketchum  (1939,  1049)  found  that  pure  cultures 
of  phytoplankton  grown  in  a  nitrogen-deficient  medium  showed  a 
decrease  below  the  normal  nitrogen  content;  Chlordla  py/enoidosa 
contained  as  little  as  2.25-2,72%  N  in  their  ash  free  dry  weight; 
when  the  deficient  cultures  were  returned  to  media  containing  adequate 
nitrogen,  the  nitrogen  content  reverted  back  to  about  7.7%,  which 
is  normal  for  ChloreUa  pyrenoidosa  in  cultures  as  well  as  nature. 
Moreover,  this  deficiency  can  be  made  up  in  the  dark  as  well  as  in 
light,  and  this  led  Harvey  (1945)  to  suggest  that  while  phytoplankton 
may  become  nutrient  deficient  during  the  day,  such  deficiency  may  be 
made  up  at  night.  This  would  enable  populations  to  absorb  nutrients 
continuously  from  media  with  low  concentrations  while  carbon  fixation 
would  procede  only  in  daylight,  thus  maintaining  the  required  nitrogen 
and  phosphorus  concentrations  in  the  organic  matter.  Such  a 
mechanism,  coupled  with  rapid  replenishment  of  nutrients  in  a  shallow 
basin  like  the  Sound  where  there  is  continuous  mixing  of  bottom  water 
and  considerable  land  drainage,  may  explain  how  the  phytoplankton 
maintain  a  nitrogen  content  which  is  the  same  as  that  of  ocean  plank¬ 
ton  where  the  N  :  P  ratio  in  the  water  is  greater. 

Recent  physiological  experiments  (Harvey,  1953)  may  also  explain 
why  chlorophyll,  as  opposed  to  nitrogen  and  phosphorus,  undergoes 
a  marked  seasonal  variation.  The  data  in  Table  III  show  that 
seasonal  changes  in  dominant  species  do  not  explain  this  variation, 
since  both  diatoms  and  dinoflagellates  contain  about  the  same  amount 

s  Preliminary  analyses  show  that  some  nitrogen  is  available  in  the  form  of  ammonia, 
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of  .dikvorthyll 1  Working  on  pure  oultiH'is  cJf  Siitschio  ilosteriurn, 
Harvey  dp.vKJuk'rttVid  t,b»t.  t.ho  amount  <>*  ''MorojiavH  ^vnthesized 
was  &  function  of  the  amount  of  illumination,  only  ball  of  the  chloro¬ 
phyll  being  produced  when  the  illumination  was  increased  six  times. 
This  situation  is  apparently  a  complex  one,  since  nitrogen  deficiency 
in  addition  to  increased  illumination  will  also  decrease  chlorophyll 
synthesis;  Harvey  emphasizes  that  both  factors  together  do  not 
completely  explain  the  problem.  However,  on  the  basis  of  these 
experiments,  it  is  logical  to  expect  a  threefold  decrease  in  the  chloro¬ 
phyll  content  of  summer  phytoplankton  in  an  area  like  Long  Island 
Sound  where  there  is  approximately  a  ninefold  increase  in  summer 
illumination  over  winter  illumination. 
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ABSTRACT 


The  observed  distribution  of  oxygen  and  phosphate  was  used  to  calculate  the  net 
biological  rates  of  change  of  these  elements  on  a  seasonal  baais.  With  the  aid  of 
experimental  data  and  some  arbitrary  assumptions,  the  net  changes  were  converted 
to  estimates  of  total  plant  production  and  utilization  of  organic  matter  by  various 
components  of  the  marine  association. 

The  total  annual  fixation  of  carbon  by  photosynthesis  is  estimated  to  be  about 
470  g/m!.  Over  half  of  it  is  consumed  in  phytoplankton  respiration.  Of  the  esti¬ 
mated  205  g  C/'mJ  available  for  the  remainder  of  the  population,  26%  appears  to  be 
used  by  that  part  of  the  zooplankton  taken  with  a  No.  10  net,  43%  by  microzoo¬ 
plankton  and  bacteria  in  the  water  column,  and  31%  by  the  benthic  fauna  and  flora. 

Although  plankton  concentrations  are  large,  Long  Island  Sound  does  not  appear 
to  be  superior  in  total  productivity  to  adjacent  open  coastal  waters.  Comparison 
with  Harvey  (1950)  indicates  that  phytoplankton  production  in  Long  Island  Sound 
is  at  least  twice  os  large  as  that  in  the  English  Channel,  but  it  appears  to  be  used  less 
efficiently  by  the  animal  population. 
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INTRODUCTION 


The  1952-1954  survey  has  heen  concerned  primarily  with  descrip¬ 
tions  oi  the  standing  plankton  crop  in  tile  central  part  of  Long  Island 
Sound  and  of  accompanying  environmental  characteristics  of  the 
water.  Some  information  on  the  more  difficult  subject  of  biodynamics 
has  been  provided  by  experiments  in  the  preceding  papers  of  this 
volume  and  by  a  previous  study  of  Long  Island  Sound  (Riley,  1941). 
The  distribution  of  nonconservative  properties  is  also  potentially 
useful  in  assessing  the  rates  of  production  and  utilization  of  biological 
materials.  A  preliminary  analysis  of  the  available  information 
appears  to  be  warranted,  although  the  subject  will  need  to  be  re¬ 
examined  when  the  remainder  of  the  survey  has  been  completed. 

Before  taking  up  the  problem  in  detail,  some  general  principles 
should  be  discussed  briefly.  It  is  generally  agreed  that  the  local 
time  change  in  oxygen,  phosphate,  or  other  nonconservative  con¬ 
centrations  is  the  sum  of:  (a)  a  biological  rate  of  change  attendant 
upon  plant  growth;  (b)  an  opposite  change  due  to  the  katabolic 
activity  of  the  biological  association  as  a  whole;  and  (c)  a  physical 
rate  of  change  caused  by  admixture  of  water  with  a  different  concen¬ 
tration.  The  study  of  productivity  requires  isolating  and  measuring 


(a),  (b),  or  both.  Historically  this  has  been  accomplished  in  several 


different  ■ 


(1)  During  the  spring  flowering,  phytoplankton  growth  is  pre¬ 
eminent.  Katabolic  processes  are  at  a  low  ebb,  at  least  in  the  begin¬ 
ning.  In  shallow,  turbulent  water,  where  nutrients  are  reduced 
from  surface  to  bottom,  vertical  diffusion  effects  may  bo  ignored. 
Therefore,  the  observed  change  in  a  nonconservative  concentration 
is  a  minimal  but  nearly  accurate  measure  of  phytoplankton  pro¬ 
ductivity. 

(2)  The  experimental  technique  of  light  and  dark  bottles  aims  at 
complete  isolation.  Enclosure  in  bottles  eliminates  (c).  The  light 
bottle  measures  (a)  —  (b).  The  dark  bottle  measures  (b).  Light 
+  dark  =  (a).  Against  these  theoretical  advantages  are  opposed 
certain  technical  disadvantages,  There  are  experimental  errors, 
particularly  with  respect  to  growth  of  bacteria  in  enclosed  samples. 
Sampling  errors  tend  to  be  extreme,  for  the  amount  of  experimental 
data  that  can  be  accumulated  is  a  small  fraction  of  the  number 
of  routine  descriptive  observations  that  can  be  obtained  with  an  equal 
amount  of  effort. 
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(3)  Physical  oceanographic  methods  may  be  used  to  determine 
advection  and  diffusion  coefficients,  and  these  may  be  combined 
with  observed  gradients  in  nonconservative  concentrations  to  evaluate 
(cj.  Then  local  time  change  —  (c)  =  (a)  —  (b).  The  significance  of 
this  method  from  the  standpoint  of  biodynamhs  depends  upon  the 
fact  that  (a)  is  generally  much  larger  than  (b)  in  the  surface  layer, 
while  in  deeper  water  (a)  becomes  negligibly  small.  Thus  it  may  be 
possible  to  derive  an  estimate  of  total  productivity,  but  the  complex 
nature  of  the  problem  generally  necessitates  some  arbitrary  assump¬ 
tions. 

In  this  paper  the  net  changes  (a)  -  (b)  of  oxygen  and  phosphate 
will  be  determined  for  a  series  of  depths  in  the  central  part  of  Long 
Island  Sound  according  to  method  (3),  using  observed  distributions 
of  these  elements  and  assuming  that  the  coefficients  of  vertical  eddy 
diffusivity  are  equal  to  the  conductivity  coefficients  calculated  in 
a  previous  paper  in  this  series  (Riley:  Physical  Oceanogeaphy). 
Further,  it  will  be  assumed  that  lateral  transport  and  diffusion  can  be 
ignored.  If  this  assumption  introduces  serious  errors,  the  estimates 
will  be  modified  later  when  the  survey  of  the  Sound  as  a  whole  has 
been  completed. 

ANALYSIS  OF  NET  CHANGES  IN  PHOSPHATE 

Allowing  the  simplifying  assumptions  listed  above,  the  local  time 
change  in  phosphorus  P  is  given  in  differential  form  by 

dP  d  A  dP 

—  =  R  + - ,  (1) 

dt  dz  p  dz 

where  A  is  the  coefficient  of  vertical  eddy  diffusivity,  z  is  depth,  and  R 
is  the  net  rate  of  biological  change,  equivalent  to  (a)  —  (b)  in  the 
discussion  above.  Written  in  terms  of  finite  differences, 

™  =  R  +  1  (6l .  — Zll  _  .  pJSilc± 

di t  z  \  p  z  p  z 

Here  Pc  is  defined  as  the  phosphorus  concentration  at  a  given  depth; 
P_,  and  P,  are  the  concentrations  at  a  distance  z  above  and  below, 
respectively,  the  vertical  axis  being  directed  positively  downward. 
A..,  and  A-  are  the  corresponding  average  coefficients  of  eddy  diffusi¬ 
vity  for  the  distances  z  above  and  below  P0, 
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Equation  (2)  is  suitable  for  determining  the  rate  of  change  of  phos¬ 
phorus  at  intermediate  depths.  It  is  essential  also  to  determine  the 
rate  of  biological  events  in  the  immediate  surface  and  bottom  layers. 
For  this  purpose  a  flux  equation  is  pustulated, 


A  dP 


which  is  analogous  to  the  heat  transfer  equation  in  the  earlier  paper 
on  Physical  Oceanography  and  which  may  be  presented  in  finite 
difference  form  similar  to  equation  (2).  It  provides  a  method  for 
determining  the  amount  of  vertical  movement  of  phosphate  in  unit 
time  through  a  square  centimeter  of  horizontal  area,  and  any  difference 
between  the  amount  transferred  and  the  observed  change  in  concen¬ 
tration  may  be  interpreted  as  a  biological  transformation. 

In  applying  equations  (2)  and  (3),  the  following  data  are  available: 

1.  Average  coefficients  of  eddy  conductivity  have  been  calculated 
for  specific  depth  ranges  and  for  periods  of  one  to  three  months. 
The  calculations  cover  all  of  the  two-year  survey  period  except  the 
autumn  seasons,  when,  for  reasons  previously  discussed,  the  method 
was  unsuitable. 

2.  The  observed  phosphate  concentrations  at  the  beginning  and 
end  of  each  time  interval  will  be  used  to  calculate  the  rate  of  ohange 
<5  PoA  t. 

3.  Average  vertical  gradients  during  each  time  interval  will  be 
determined,  using  all  available  analyses  except  a  few  that  show 
obvious  and  gross  contamination. 

As  a  numerical  example  of  the  method  of  utilizing  these  data,  we 
shall  estimate  the  biological  rate  of  change  of  phosphate  at  the  5  m 
level  at  Sts.  2  and  4  during  the  period  of  May  21  to  August  19,  1952, 
using  mean  values  for  the  two  stations.  On  May  21  the  observed 
phosphate  concentration  at,  5  m  was  0,51  ng-&i  P/1;  it  increased  to 
1.00  Ag-at  P  on  August  19.  During  the  entire  period,  the  average 
vertical  gradient  in  phosphate  was  0.052  Ag-st  between  0  and  5  m 
and  0.209  Ag-at  between  5  and  10  m.  The  calculated  mean  coefficients 
of  eddy  diffusivity  (conductivity)  for  the  same  depth  ranges  were  0.75 
and  0.68  g  cm-1  sec-1,  respectively.  The  time  interval  was  7.78  X  10® 
seconds.  The  density  of  the  water  was  about  1.02.  In  accord¬ 
ance  with  the  rest  of  the  cgs  notation,  phosphate  concentrations 
are  multiplied  by  10"®.  According  to  equation  (2), 
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(1.00  -  0.51';10-s 
7.78  X  106 


=  R  + 


1  /  .68 
>00\1.02 


.209  X  10- 


.052  X  10- 


1.02  500  } 

R  =  —  0.341  X  IQ-8  ^ig-at  P  cm'!  sec-1, 

or  a  net  utilization  of  0.03  ag-at  P/1  in  a  <Py. 

Suppose  that  in  a  column  ui  v.ate:  20  m  deep,  sampled  at  5  m 
intervals,  similar  calculations  are  made  for  the  10  and  15  m  levels. 
A  rough  numerical  integration  may  then  be  made,  the  simplest  way 
being  to  assume  that  the  5  m  value  is  the  average  for  the  depth  range 
of  2.5  to  7.5  m,  etc.  The  whole  water  column  may  thus  be  accounted 
for,  except  the  part  above  2.5  and  below  17.5  m.  These  require 
the  use  of  equation  (3).  In  the  depth  range  between  0  and  5  m, 

.75  .052  X  10"* 

F  = - -  -  —  .076  X  10  5  pg-At  P  cm-2  sec-1. 

1.02  500 

This  is  the  average  rate  of  upward  (negative)  movement  between 
0  and  5  m,  and  as  in  previous  calculations  of  eddy  conductivity,  it 
is  assigned  to  the  midpoint  in  the  stratum,  namely  2.5  m. 

During  the  same  period,  the  surface  concentration  of  phosphate 
increased  from  0.30  to  0.99  Mg-at  P/1,  which  is  equivalent  to  an  in¬ 
crease  of  C.G22  X  10  !  jig-at  P/seu.  in  a  column  of  water  2.5  m  long 
and  with  a  cross  section  of  1  cm1.  The  difference  between  the  calcu¬ 
lated  flux  into  this  column  (.070  X  10-5)  and  the  observed  increase 
is  assumed  to  represent  net  utilization  of  phosphate  by  the  biological 
association.  It  amounts  to  about  0.02  pg-at  P/1  in  a  day. 

Within  tills  general  framework,  which  is  fixed  by  the  nature  of 
the  problem  and  the  available  data,  there  is  a  choice  as  to  whether 
each  station  should  be  treated  individually  or  whether  some  attempt 
should  be  made  to  combine  stations.  The  latter  course  seemed 
desirable  in  order  to  minimize  effects  of  lateral  movements,  to  average 
out  sampling  errors,  and  to  obtain  a  single  generalized  result  for 
the  central  part  of  the  Sound,  However,  variations  in  the  depth  of 
water  at  the  stations  and  in  the  depths  sampled  required  a  degree 
of  individual  treatment  and  later  combination.  Offshore  Sts.  3  and 
5  were  similar  in  that  the  total  depth  of  water  was  25  to  28  m,  and 
samples  were  generally  taken  at  0,  5,  15,  and  25  m.  One  set  of  data 
was  calculated  for  these  two  stations,  using  averaged  observations. 
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The  fact  that  some  of  the  depth  intervals  were  5  m  and  others  10 
required  a  slight  alteration  in  the  form  of  equation  (2).  A  second 
set  was  obtained  from  Sts.  2  and  4,  which  were  slightly  shallower  and 
were  sampled  at  0,  5,  10,  and  about  20  m.  A  third  set  comprised 
inshore  Sts.  1,  7,  and  8.  St.  6  was  too  shallow  to  be  usable. 

Thus  all  three  sets  were  available  for  average  estimates  of  the  net 
rate  of  change  at  5  m  and  of  the  vertical  flux  between  0  and  5  m. 
Sts.  2  and  4  were  used  for  the  10  m  estimate,  Sts.  3  and  5  for  15  m. 
All  four  offshore  stations  w-ere  averaged  to  determine  vertical  flux 
in  a  stratum  2.5  m  above  the  bottom,  and  the  latter  was  assumed 
for  purposes  of  generalization  to  be  at  a  depth  of  20  m,  since  that  is 
approximately  the  mean  depth  of  the  area  under  consideration. 

TABLE  I.  Biological  Rate  or  Cha-Voe  or  Phosphate  rs  >,o-at  P/Dat  in  a  Yebtical 
Column  or  Water  One  Centiketeh  Squabe,  Divided  into  Seqvents  op 
2.5  os  5  m  (Onx-ocabteh  or  One-halp  Ltteb  Each) 


0-1.  S 

I.S-7.S 

7.S-J1.5 

1S.S-17.S 

17 .  S-iO 

Mar.  5-May  21,  1652 

.000 

-.013 

-.009 

-.001 

.009 

May  21-Aag.  19 

-.006 

-.009 

-.012 

.009 

.083 

Nov.  17-Feb.  10,  1953 

-.OOS 

.001 

.004 

.004 

.000 

Feb.  lO-Mar.  16 

-.008 

-.057 

-.023 

-.020 

.002 

Mar  16 -May  IS 

-.012 

-.004 

,002 

-.003 

.018 

May  IS— Au£.  25 

-.007 

-.004 

.005 

-.002 

.027 

Nov.  18-Jan.  25,  1954 

-.008 

.001 

.004 

.004 

.COO 

Jan,  25-Feli.  24 

-.005 

-.050 

-.019 

-.007 

.000 

Table  I  shows  estimated  net  changes  in  phosphate  in  the  water 
column  and  on  the  bottom.  The  method  of  calculation  is  6ueh  that 
the  17.5  —  20  m  segment  includes  regeneration  from  one  square 
centimeter  of  benthic  surface  at  the  base  of  the  column.  The  early 
autumn  periods  are  omitted  from  Table  I  because,  as  previously 
mentioned,  eddy  conductivity  could  not  be  determined  and  presum¬ 
ably  had  little  application  to  the  problem  during  these  periods  of 
extreme  convective  cooling.  During  late  autumn  and  early  winter, 
when  temperature  and  phosphate  gradients  were  slight  and  variable, 
calculations  were  possible  but  were  subject  to  considerable  statistical 
error,  To  reduce  the  error  as  much  as  possible,  data  for  both  years 
were  combined. 

Utilization  of  phosphate  in  the  upper  2.5  m  appeared  to  be  relatively 
uniform  throughout  the  year.  Elsewhere  there  were  marked  seasonal 
variations.  Maximum  utilization  occurred  during  the  spring  flowering 
periods,  maximum  bottom  regeneration  in  summer.  In  autumn  and 
early  winter,  utilization  exceeded  regeneration  only  in  the  upper  2.5  m. 
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Ad  annual  summation  of  net  changes  is  presented  in  Table  II.  Each 
of  the  daily  rates  in  Tabic  I  has  been  multiplied  by  the  number  of 
days  in  the  period,  and  the  products  have  been  summed  for  the  seg¬ 
ments  of  the  column  in  which  net  utiliiation  exceeds  regeneration 
and  vice  versa.  Figures  in  parentheses  are  rough  estimates  for  the 
autumn  periods.  First,  it  was  assumed  that  the  net  changes  in  the 
upper  7.5  m  during  these  periods  were  intermediate  between  the 
preceding  summer  season  and  the  succeeding  late  autumn-early 
winter  period.  Second,  the  net  change  in  the  whole  water  column 


TABLE  II,  Summation 

0  7  Net 

Chaxoes  Is 

Phosphate- 

— *Q-AT  P/CM1 

'  op  Sea 

Sebpace 

UtiHiaiim 

Regeneration 

Difference 

Depth 

nQ-at  P 

Depth 

pf-ai  P 

Colo. 

Obs. 

1952-3 

Mar.  5-May  21 

0-17.5 

-1.77 

17.5-20 

.69 

-1.08 

-.SO 

May  21-Aog.  19 

0-12.5 

-2  43 

12.5-20 

3.V9 

1.38 

1.56 

Auk  16-Not.  17 

0-  7.5 

(  -  .99) 

7.5-20 

(2.83) 

(1.84) 

1.84 

Nov.  17-Joe,  25 

0-  2.5 

-.68 

2.5-20 

.77 

.09 

-.94 

Jan.  25-Feb.  24 

0-17.5 

-3.00 

17.5-20 

.07 

-3.83 

-2.28 

1953-4 

Mar.  5-May  21 

0-17.5 

-1.07 

17.5-20 

1.01 

-.06 

.00 

May  21-Aog,  19 

0-  7,5 

-1.09 

7.5-20 

2.96 

1.87 

1.44 

Aug.  19— NOV.  18 

0-  7.6 

(-.82) 

7.5—20 

(2.68) 

(1 . 80) 

1.86 

Nov.  13- Feb.  10 

0-  2.5 

-  .54 

2,5-20 

.61 

.07 

.10 

Feb.  10-Mar,  iO 

n  *  n  r 
v  f  .  O 

—  C  .  -xO 

17 . 5— 20 

.  00 

-2.  si 

-2,5 i! 

Total 

1952-3 

— 

-9.77 

— 

S,  15 

-1.62 

-.12 

1053-4 

— 

-5.95 

— 

7.26 

1,31 

1.08 

1952-4 

— 

-15.7:1 

— 

15.41 

-.31 

.96 

is  known  by  direct  observation,  so  that  by  difference  one  can  obtain 
the  net  change  in  the  water  column  below  7.5  m. 

During  any  one  period,  utilization  and  regeneration  were  seldom 
in  balance,  as  may  be  seen  in  the  next  to  the  last  column  in  Table  II. 
7vThen  any  such  imbalance  exists,  it  should  result  in  a  change  in  the 
average  phosphate  content  of  the  water  column.  Furthermore, 
the  accuracy  of  this  calculated  result  is  readily  checked  by  comparing 
it  with  observed  changes  in  phosphate  concentration  in  the  Sound. 
These  are  listed  in  the  last  column  of  Table  II.  The  comparison 
between  observed  and  calculated  values  is  useful  in  gauging  the 
internal  consistency  of  the  results. 
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NET  CHANGES -IN  OXYGEN 

Oxygen  concentrations  are  susceptible  to  the  same  type  of  analysis 
of  net  changes.  However,  any  attempt  to  estimate  short-period 
biological  effects  in  the  surface  layer  is  complicated  by  exchanges 
of  oxygen  through  the  sea  surface,  Thus  Table  III  omits  the  upper 
2.5  m  of  the  water  column.  Otherwise  the  calculations  duplicate 
the  phosphate  procedure  described  above. 

Rather  than  attempt  calculation  of  the  rate  of  exchange  of  oxygen 
through  the  sea  surface,  the  writer  proposes  a  simpler  alternative 
method  for  dealing  with  the  upper  2.5  m.  It  seems  likely  that  over 
a  period  of  a  year  or  two,  the  total  production  will  approximately 
equal  consumption,  although  an  imbalance  is  likely  to  exist  during 


TAJJLE  III.  Bioloqical  Rats  or  Chanqe  or  Oxyoej*  ;x  Miuiutiuu  rua  Du  is  a 
Vertical  Colt, -its  or  Watt, a  Owe  Ccvnitmia  Sqvahe,  Divided  ikto  SEauEirra  or 
2.8  oa  8  u,  Pabbntuesks  IsdiCatb  Intebpoiationb  to  Fill  Gam  is  the  Data. 


2. 5-7. 8 

7.5-12. 5 

1 Z . 5-1 7 . 6 

.’7.5-20 

Mar.  8-May  21,  1032 

.019 

-.004 

-.014 

-.040 

May  21— Attg.  19 

.028 

.  638 

-,02« 

-  132 

Aug.  19-Nov.  17 

(.009) 

(.008) 

(  .028) 

CT 

CO 

1 

Nov.  17-Feb.  10.  1083 

-.010 

-.028 

-.027 

-.Ml 

Feb.  18-  oxar.  16 

.  064 

.028 

.015 

— .  028 

Mar.  16-May  18 

.014 

.010 

-.028 

-.084 

May  1 3— Au«.  in 

.030 

—  .027 

— .  OSS 

—  .071 

Aug.  2-5-Nov.  18 

(  010) 

(  -  .028) 

(  -  .028) 

(-.030) 

Nov,  18-J&B.  28.  1954 

-.010 

-.028 

-.027 

-.028 

Jan.  23-Feb.  24 

.060 

-.004 

-.020 

-.024 

shorter  intervals.  If  the  figures  in  Table  III  are  totalled,  it  becomes 
apparent  that  consumption  was  considerably  larger  than  production 
in  the  water  column  below  2.5  m.  Assuming  that  the  difference  is 
equal  to  production  in  the  upper  2.5  m,  an  average  value  for  the  latter 
can  be  calculated.  It  is  found  to  be  0.27  mi  Oj/1  in  a  day  during 
the  first  year  of  the  survey  and  0.31  ml  the  second  year.  By  way  of 
comparison,  a  series  of  light  and  dark  bottle  experiments  in  the  upper 
meter  of  water,  mainly  during  the  second  year  (see  S.  A.  M.  Conover 
in  this  volume),  gave  an  annual  mean  of  0.31  ml/day  for  total  photo¬ 
synthesis  and  0.20  ml  for  the  net  increase  in  oxygen.  A  few  experi¬ 
ments  at  other  depths  or  at  otherwise  reduced  light  intensity  indicated 
that  maximum  photosynthesis  occurred  very  near  the  surface  at  the 
time  of  the  spring  flowering  bu-c  frequently  at  greater  depths  in  sum¬ 
mer,  In  vie.’,'  of  these  ambiguities  in  the  comparison,  the  agreement 
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between  experimental  results  and  the  physical  oceanographic  calcula¬ 
tion  is  probably  as  good  as  can  be  expected. 

OXYGEN  PRODUCTION  AND  CONSUMPTION 

Next  an  attempt  will  be  made  to  determine  not  merely  net  changes 
in  oxygen  but  total  production  and  consumption.  Table  IV  brings 

TABLE  IV,  Daii-t  Cx?as:<  PaoDccno.v  and  CoNBtramoN  —  ml  Oi/l 


,\ei  cfianQe 

ES  pVI  rtJS 

Estimated 

at  l.i  m 

Phot.  Jtesp. 

Ph’jt.  Resp. 

1952-3 

Mar.  5-May  21 

-.028 

— 

— 

.047 

May  21-Ang.  19 

—  .056 

— 

— 

.113 

Ang.  19-Nov.  17 

— 

— 

— 

.080 

Nov.  17-Feb.  10 

-.054 

— 

— 

.020 

Feb.  iO-Mar.  18 

.030 

.42 

.070 

.060 

1953—4 

Mar.  16-May  IS 

-  ,050 

.53 

.085 

.048 

May  18-Aug.  25 

-.056 

178 

.110 

Aug.  25-Nov.  18 

— 

.26 

.200 

.093 

Nov.  18-Ja.n.  25 

-.054 

.11 

.037 

.014 

Jan.  25- Feb.  24 

-.052 

.84 

.048 

.044 

together  pertinent  information  on  this  problem. 

First  are 

listed  the 

net  changes  in  oxygen  at  15  m,  as 

determined  by  the  physical  oceano- 

graphic  analysis. 

At  this  depth  photosynthesis 

probably  is 

negligibly 

small  during  the  winter  months, 

so  that  the  calculated  net  change 

of  about  0.05  to  0.06  ml  Oj/day  may  be  regarded  as  synonymous  with 
total  oxygen  consumption.  Also,  these  figures  are  probably  applicable 
to  the  water  column  as  a  whole,  since  there  are  no  marked  or  consistent 
vertical  variations  in  the  quantity  of  plankton. 

The  summer  season  presents  a  more  difficult  problem.  In  two  sets 
of  experiments  performed  in  June  1953,  at  a  series  of  depths,  measur¬ 
able  photosynthesis  occurred  at  15  m  or  more.  Moreover,  one  would 
expect  respiration  to  increase  in  summer,  so  that  the  uniformity  of 
the  calculated  net  changes  is  suggestive  of  significant  photosynthesis 
at  15  m  throughout  the  summer  season. 

The  respiratory  experiments  listed  in  the  third  column  of  Table  IV 
are  more  or  less  in  agreement  with  the  calculated  net  changes  in  winter, 
but  they  are  much  larger  in  summer.  The  experimental  method  is 
open  to  criticism  of  course  because  of  the  likelihood  of  abnormal 
bacterial  growth  in  the  bottles.  Thus  the  two  types  of  measurements 
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tend  to  set  maximum  and  minimum  limits  around  the  true  value  for 
oxygen  consumption. 

In  a  previous  study  of  Long  Island  Sound  (Riley,  1941)  there  was  a 
series  of  65  experimental  determinations  of  oxygen  production  and 
consumption  in  light  and  dark  bottles  over  periods  of  three  or  four 
days.  The  mean  annual  production  was  0.33  ml/day,  nearly  the  same 
as  that  in  the  present  series.  The  consumption  averaged  0.17  ml, 
as  cumpnred  with  an  annual  mean  of  0.11  ml  for  the  data  in  Table  IV. 
It  is  problematical  whether  this  higher  value  was  the  result  of  a 
longer  exposure  time  or  was  due  to  tne  fact  that  most  of  tire  experi¬ 
ments  were  performed  with  inshore  water  containing  relatively  large 
amounts  of  detritus.  A  multiple  correlation  technique  was  used  to 
estimate  phytoplankton  and  zooplankton  respiration  and  to  eliminate 
unrelated  bacterial  effects.  The  statistical  result  was  later  shown 
by  Riley,  el  al.  (1949)  to  be  in  good  agreement  with  the  observed 
respiration  of  pure  diatom  cultures.  It  is  also  suitable  for  estimating 
phytoplankton  respiration  during  the  present  survey  provided  a 
email  correction  is  made  for  differences  in  the  chlorophyll  calibration 
(cf.  Riley  and  Conover  in  this  volume).  The  postulated  relation 
between  chlorophyll  and  respiration  is  shown  in  Fig.  1A.  Applying 
observed  temperatures  and  chlorophyll  concentrations  to  thi3  curve 
and  averaging  the  results,  we  obtain  the  estimates  in  the  last  column 
of  Table  IV.  It  will  be  noted  that  these  figures  are  lower  than  the 
experimental  estimates  of  total  respiration,  but  they  are  not  markedly 
lower  in  the  winter  and  early  spring,  when  zooplankton  and  bacterial 
respiration  are  presumably  at  a  minimum.  It  is  also  evident  that 
the  estimated  phytoplankton  respiration  in  summer  exceeded  the 
net  change  in  oxygen  at  15  m. 

These  figures  will  be  used  later  to  determine  the  proportion  of 
photosynthetic  production  that  is  required  for  immediate  use  by 
the  phytoplankton.  Total  respiration  remains  something  of  an 
enigma,  but  the  body  of  evidence  favors  a  compromise  between 
calculated  net  changes  and  black  bottle  experiments.  It  will  be 
assumed  provisionally  that  (a)  the  mean  annual  respiration  is  0.106 
ml  Oj/l/day  as  determined  by  experiment;  (b)  gaps  in  experimental 
data  will  be  filled  by  substituting  figures  for  the  corresponding  period 
of  the  following  year;  (c)  the  net  change  at  15  m  will  be  adopted  for 
any  period  when  it  exceeds  the  experimental  value;  and  (d)  during 
other  periods  the  experimental  data  will  be  reduced  by  a  constant 
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TEMPERATURE 

Figure  1.  A.  Coefficients  of  phytoplankton  respiration.  Dally  oxygen  consumption  In 
microliters  per  mlerogram  of  cJniorop’nyii.  5.  Swpiankiun  nssiurokjry  oonmurauia.  ill  cre¬ 
ate™  of  oxysen  per  day  consumed  by  one  milligram  (wet  weight)  or  emo  miHJliter  (dlsplacsv 
ment  volutfie)  of  eooplankton. 

\  .  fraction  suitable  for  preserving  the  postulated  annual  mean.  Nu- 

!  \  merical  results  will  be  presented  later,  but  there  are  other  problems 

to  be  discussed  before  the  final  summary  is  mado. 

In  dealing  with  the  17.5  —  20  m  stratum,  an  allowance  will  be  made 
for  respiration  in  the  water,  as  in  the  rest  of  the  vertical  column.  It 
will  be  assumed  also  that  no  photosynthesis  occurs  within  this  stratum. 
The  difference  between  the  net  change  for  the  whole  stratum  and  the 
allowance  for  respiration  in  the  water  will  then  be  allocated  to  bottom 
organisms. 

Any  treatment  more  detailed  than  a  simple  annual  mean  will  also 
require  further  assumptions  about  net  oxygen  changes  in  the  0  —  2.5 
m  stratum:  (a)  The  mean  annual  net  changes  are  fixed  at  0,27  ml  0a/ 
l/day  for  the  first  year  and  0.31  ml  for  the  second,  as  previously  es¬ 
timated.  Adding  0.11  ml  for  respiration,  the  figures  for  total  photo¬ 
synthesis  are  respectively  0.38  and  0.42  ml/1,  (b)  Assuming  that 
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seasonal  variations  observed  m  experimental  bottles  are  applicable 
to  the  problem,  the  latter  (cf.  Table  IV)  arc  systematically  raised 
to  adjust  the  annual  means  to  the  figures  quoted  in  (a)  above.  Gaps 
in  the  first  year’s  data  are  filled  in  with  figures  from  the  second  year. 

Results  are  shown  in  the  first  column  cf  Table  V.  The  remainder 
of  this  table  is  derived  simply  by  adding  the  estimated  respiration 
to  the  net  change  in  oxygen,  as  given  in  Table  III. 

A  balance  sheet  of  production  and  consumption  is  presented  in 
Table  VI.  The  photosynthesis  column  is  derived  from  Table  V, 
and  the  method  of  estimating  phytoplankton  respiration  has  been 

TABLE  V.  Estimated  Daily  Phot-oswthesis  in  rcl  Qt/1,  Tabclatud  «u8  Avieaqeb 
7ob  the  Depth  Raj<qes  Listed 


0-t.S 

2.3-7.  £ 

7.5-12.5 

n.S-H.5 

1B52-3 

Mar.  5-May  21 

.64 

.09 

.05 

.03 

May  21-Ang.  19 

.40 

.23 

.25 

.12 

Aug.  19-Nov.  17 

.82 

.17 

.15 

.09 

Nov,  17-Feb,  10 

.18 

.04 

.00 

.00 

Fob.  10-Mar,  16 

.51 

.1? 

.  10 

.08 

1953-4 

Mar.  16-May  18 

.72 

.00 

.OP 

.01 

May  18-Atig.  25 

.45 

.24 

.  12 

.12 

.36 

.  14 

.00 

.06 

Nov.  18-Jan.  25 

.15 

,04 

.00 

.00 

Jan.  25-Fob.  24 

.46 

.  18 

.04 

.00 

Means 

1052-3 

•  88 

.  ,4 

.  12 

.00 

1953-4 

.42 

.14 

.07 

.05 

1052-4 

.40 

.14 

.00 

.08 

explained.  The  difference  between  the  two,  listed  as  net  production, 
represents  material  that  is  available  for  the  production  of  phvto 
plankton  cells  and  eventual  nourishment  of  the  animal  population 
and  bacteria.  Zooplankton  respiration  is  derived  with  reference  to 
Fig,  IB,  which  is  based  on  respiratory  data  for  Acartia  spp.,  the 
dominant  copepods  in  the  Sound  (see  R.  J.  Conover  in  this  volume). 
Average  zooplankton  volumes  (No,  10  net)  and  mean  temperatures  for 
each  period  are  applied  to  the  figure  to  obtain  the  respiratory  esti¬ 
mates  listed.  The  method  of  estimating  the  oxygen  consumption  by 
bottom  fauna  and  flora  has  been  explained.  The  difference  between 
total  oxygen  consumption  and  the  combined  phytoplankton,  zooplank¬ 
ton,  and  benthic  fractions  is  listed  in  the  table  as  “other”  respiration. 
Nominally  this  category  is  assigned  to  bacteria  and  to  small  zoopiank- 
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TABLE  VI. 

Balance  Sheet  or  Oxygen 

Pbodoc 

ED  AND  CONS 

UMED  IN’ 

ml  Oi  day  is 

a  C o Leys  or  W axes 

One  Sq 

case  Ci 

5NTIMF.TER  TV 

Cross 

Section  and  F.xtrndino  frou  the  Ssa 

Scbpac 

e  to  the  Bottom. 

A  1  A  Dtp 

xh  or  20 

ru  (thus  To 

tallino  Two  Liters  or  Water) 

Phctc- 

. - 

-CcrnturnpUcm- 

- : — 

- . 

rynlhe- 

-Vet  Pro¬ 

;i er  Colu 

ifnn - * 

on 

JtJ 

duction 

Phil. 

Jtoopl. 

Other 

bcndni 

Total 

1952-3 

Mar.  5-May  21 

.246 

.  152 

.094 

.030 

-.012 

.029 

.  138 

Muy  21-Aug.  19 

,402 

.  172 

.230 

.052 

.072 

.088 

.442 

Aug.  19-N'ov.  17 

.  283 

.  123 

.160 

.060 

.070 

.046 

.330 

Nov.  17-Feb.  10 

.052 

-.008 

,060 

.004 

.048 

.017 

.  129 

Feb.  10-Mar,  16 

.310 

.  100 

.  120 

.018 

-.034 

,015 

.119 

1953-4 

Mar.  16-May  18 

.266 

.  170 

.096 

.022 

-.000 

.040 

.  132 

May  18-Aug,  25 

352 

.  132 

.2X1 

.022 

.  112 

.027 

.381 

Aug.  25-N'ov.  IS 

.223 

.037 

.186 

.028 

.026 

.020 

.260 

N'oy.  lS-Jan.  25 

,057 

.029 

.  02S 

.004 

.080 

.014 

.  126 

Jan.  25-Feb.  24 

.230 

.  142 

.OSS 

,018 

-.002 

.011 

.115 

Moans 

1952-3 

254 

.  117 

.  137 

.036 

.039 

.042 

.254 

1953—4 

.236 

.096 

,  140 

.020 

.052 

.024 

.236 

1952-4 

.243 

.107 

.138 

.028 

.046 

.033 

.245 

ton  that  escape  the  No.  10  net,  but  not  without  reservations.  Dis' 
cussion  of  this  matter  is  relegated  to  a  later  section  of  this  paper. 


PHOSPHATE  UTILIZATION  AND  REGENERATION 

The  calculation  of  net  changes  in  phosphate  was  simple  and  straight¬ 
forward  compared  with  the  oxygen  analysis,  but  conversion  to  es¬ 
timates  of  total  utilization  and  regeneration  requires  further  discus¬ 
sion  and  additional  arbitrary  assumptions.  Phosphate  regeneration 
differs  from  oxygen  consumption  in  that  it  is  primarily  associated 
with  animal  and  bacterial  metabolism,  There  is  little  reason  to 
believe  that  phytoplankton  respiration  is  accompanied  by  significant 
amounts  of  phosphorus  excretion  except  under  relatively  abnormal 
conditions.  Examination  of  the  tabular  material  indicates  that 
phosphorus  utilization  is  more  nearly  uniform  with  respect  to  depth 
than  oxygen  production  and  that  considerable  utilization  occurs 
at  depths  where  phytoplankton  respiration  exceeds  oxygen  production. 
Thus  the  net  change  in  phosphate  in  deep  water  is  even  less  reliable 
than  oxygen  as  an  indicator  of  the  magnitude  of  katabolic  processes. 

There  are  no  experimental  data  that  can  be  used  to  set  an  accurate 
value  for  phosphorus  regeneration.  Nor  is  there  a  precise  relation 
between  oxygen  consumption  and  phosphorus  regeneration.  The 
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normal  0;P  ratio  by  atoms  appears  to  be  between  250:1  and  300:1, 
but  extreme  variations  have  been  noted  (Riley,  1951),  It  will  be 
assumed  here  that  there  is  an  atomic  ratio  of  300 :i  between  oxygen 
consumption,  exclusive  of  phytoplankton  respiration,  and  phosphorus 
regeneration.  This  is  sufficient  to  equal  four  of  the  positive  net 
changes  in  Table  I.  It  slightly  exceeds  four  others  and  is  exceeded 
by  only  one.  The  estimate  therefore  appears  to  be  of  the  right  order 
of  magnitude. 

TABLE  VII.  Estimated  Daily  L'tilieatiov  and  Reoe.vebation  ov  Phosv-hate 
iv  uO-at  F/cm*  o T  Sea  Surface 

- - UtUicaiion -  - Reseneralior, i - 


0-Z.5 

2.5- 

7.5 

7.5- 

11.5 

J2.S- 

17.5 

Total 

0-iC 

Bottom 

Total 

1932-3 

Mar.  5-May  21 

.001 

.014 

.010 

.002 

.027 

.003 

,00S 

.013 

May  21-Aug.  19 

.010 

.015 

.021 

.000 

.046 

.033 

.029 

.065 

Aug.  19-Nov.  17 

.011 

.013 

.0 I/O 

.006 

.038 

.038 

.023 

,061 

Nov.  17-Feb.  10 

.010 

.003 

000 

.000 

.013 

.013 

-.002 

.013 

Feb.  10-Mar.  16 

.003 

,057 

.023 

.026 

.  114 

,000 

.002 

.002 

1653-4 

Mar.  1&-Mav  IS 

.013 

.003 

-.001 

.004 

.021 

.003 

.015 

.020 

May  lS-Aug.  25 

.012 

.014 

.005 

.012 

.043 

.040 

.021 

.001 

Aon.  25-Nov.  18 

,010 

.006 

.004 

.000 

.020 

010 

.026 

.042 

Nov.  I8~jan.  25 

.011 

.006 

.u>« 

.  002 

023 

-  noa 

.022 

Jan.  25-Feb.  24 

.006 

,051 

,020 

.00$ 

.085 

.005 

-.001 

.004 

Means 

1652-3 

.0082 

.0154 

.0113 

.0040 

.0389 

.0221 

.0138 

.0360 

1953-4 

.0110 

.0119 

.0044 

.  0053 

.  0324 

.0217 

.0145 

.0362 

1952-4 

.0095 

.0137 

,0080 

.0040 

.  035S 

.0219 

.0141 

.0361 

Mean  0:P  ratio  (atoms) 

7GO 

230 

185 

-104 

262 

205 

Results  of  the  calculation  are  shown  in  Table  VII.  The  last  line 
shows  0:P  ratios  for  the  two-year  period.  The  over-all  ratio  for 
production  is  normal.  Values  for  individual  depth  ranges  are  aber¬ 
rant,  indicating  a  marked  lag  between  net  phytoplankton  production 
and  phosphate  absorption. 


DISCUSSION 

In  a  previous  study  of  Long  Island  Sound  (Riley,  1941),  experi¬ 
mental  determinations  of  oxygen  production  at  the  surface  w’ere 
approximately  the  same  as  those  in  the  present  survey.  On  the 
basis  of  transparency  data  then  available,  it  was  estimated  that  the 
total  photosynthetic  production  of  carbon  might  be  10  to  15  times 
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the  surface  value,  or  some  600  to  1000  g  C/m 5  in  a  year’s  time.  That 
conclusion  has  not  been  borne  out  by  the  present  work.  The  mean 
annual  production  for  the  two-year  period  just  completed  is  estimated 
to  be  only  470  g  C/ms.  Over  half  of  this  production  appears  to  be 
utilized  in  phytoplankton  respiration.  Of  the  estimated  205  g  Cm2 
available  to  the  rest  of  the  biological  association,  69%  appears  to  be 
used  by  pelagic  organisms,  the  remainder  by  the  benthic  population. 
The  phosphate  analysis  gives  a  slightly  different  pattern  of  utiliza¬ 
tion — 61%  by  pelagic  fauna  and  flora  and  39%  on  the  bottom. 

The  two  physical  oceanographic  analyses  and  the  experimental 
measurements  that  have  been  used  in  deriving  these  estimates  exhibit 
a  considerable  degree  of  internal  consistency.  On  the  other  hand, 
the  methods  have  been  indirect  and  involved,  containing  a  number 
of  assumptions  that  probably  are  not  altogether  valid.  One  major 
possibility  of  error  lies  in  an  assumption  about  the  nature  of  turbulence. 
If  coefficients  of  eddy  conductivity  are  larger  than  eddy  diffusivity, 
as  some  have  claimed,  then  the  biological  rates  of  change  are  over¬ 
estimated,  particularly  in  spring  and  summer  when  maximum  stability 
exists. 

There  also  remains  the  question  as  to  whether  or  not  a  reasonable 
set  of  assumptions  has  been  made  about  the  respiration  of  the  plankton 
association.  In  carrying  out  the  assumptions  as  stated,  the  final 
result  was  a  production  of  about  88  g  C./nri  in  excess  of  the  demon¬ 
strable  needs  of  the  phytoplankton  and  No.  10  zooplankton  catches. 
This  excess  was  allocated  in  Table  VI  to  "other"  respiration  in  the 
water  column,  namely  bacteria  and  microzooplankton.  The  observed 
numbers  of  tintinnids,  early  nauplii,  etc.,  leave  no  doubt  that  this 
is  a  significant  category.  Nor  is  bacterial  respiration  likely  to  be 
negligible.  Nevertheless,  from  the  nature  of  the  assumptions,  it  is 
possible  that  part  of  the  88  g  of  carbon  constitutes  error  in  the  black 
bottle  experiments. 

Various  aspects  of  the  seasonal  cycles  anu  annual  fluctuations 
warrant  further  attention.  The  spring  flowering  did  not  exhibit 
the  excessive  dominance  over  the  rest  of  the  seasonal  cycle  that  is 
observed  in  some  other  waters.  The  rate  of  net  oxygen  production 
was  more  or  less  the  same  as  the  rest  of  the  spring  and  summer  season 
and  constituted  only  10  to  15%  of  the  total  annual  production.  The 
rate  of  phosphate  utilization  was  approximately  twice  the  highest 
value  obtained  at  any  other  time  in  the  year.  However,  the  0:P 
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ratio  was  abnormally  low,  averaging  about  150:1  for  the  total  popu¬ 
lation,  and  this  suggests  that  the  phytoplankton  was  absorbing 
phosphate  in  excess  of  immediate  needs,  as  it  is  known  to  do  when 
the  supply  is  abundant  (Goldberg,  et  al,  1951), 

The  calculated  carbon  production  during  the  spring  flowering 
exceeded  demonstrable  respiratory  needs  of  the  population  by  34 
g/m*  in  1953  and  18  g  in  1954,  The  state  of  anabolic  dominance 
continued  through  the  spring  months  until,  by  mid-May,  nearly 
a  third  of  the  year’s  net  carbon  production  existed  in  an  unutilized 
state  in  the  water  column  and  on  the  bottom.  It  was  then  gradually 
used  up  during  the  remainder  of  the  year,  so  that  katabolic  processes 
were  dominant  from  mid-May  until  the  onset  of  the  next  spring 
flowering.  The  same  situation  was  found  even  more  strikingly  in 
the  phosphate  analysis  (Table  II),  whore  the  spring  excess  of  utiliza¬ 
tion  ofver  regeneration  was  nearly  50%  of  the  estimated  net  yearly 
utilization.  Evidence  of  the  same  phenomenon  in  slightly  varying 
form  has  been  found  in  studies  of  the  phosphorus  cycle  in  the  Gulf 
of  Maine  (Redfield,  et  al,  1937)  and  in  the  English  Channel  (Arm¬ 
strong  and  Harvey,  19v50).  There  is  no  reason  to  regard  it  as  ab¬ 
normal,  although  the  phenomenon  may  be  exaggerated  in  shallow 
waters. 

The  spring  zooplankton  population  did  not  expand  in  Long  Island 
Sound  ps  rapidly  as  it  did  in  the  English  Channel  and  in  some  other 
areas  that  have  been  examined.  The  evidence  pointed  toward 
consumption  of  little  more  than  a  tenth  of  the  flowering,  which  then 
terminated  by  rapid  settling  to  the  bottom.  The  reason  for  the 
failure  of  the  zooplankton  remains  obscure.  The  obvious  result  was 
a  summer  and  early  autumn  utilization  of  organic  matter  some  35% 
greater  than  the  amount  provided  by  current,  production.  Such  a 
system  tends  to  smooth  the  adverse  effects  of  fluctuations  in  available 
food.  However,  the  long  lag  between  production  and  utilization 
seems  relatively  inefficient  from  the  standpoint  of  maximum  use 
of  the  reservoir  of  nutrient  elements. 

Examination  of  the  estimates  of  net  oxygen  production  and  phos¬ 
phate  utilization  in  Tabie  VI  and  VII  indicates  that  the  spring  flower¬ 
ing  in  1953  was  considerably  more  productive  than  that  in  1954. 
This  is  not  surprising,  since  cell  counts  and  chlorophyll  concentrations 
were  also  much  Iaiger.  Of  more  ecological  interest  is  the  indication 
that  the  summer  of  1952  was  about  20  to  30%  more  productive  than 
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the  corresponding  period  in  1953.  There  was  essentially  no  difference 
in  the  total  standing  crop  of  phytoplankton  as  indicated  by  chloro¬ 
phyll  concentrations.  However,  there  were  more  diatoms  and 
dinoflagellates  in  1952  and  possibly  less  naked  flagellates  and  other 
forms  not  ordinarily  included  in  cell  counts.  The  one  striking  dif¬ 
ference  between  the  two  summers  was  that  the  1952  zooplankton 
volume  averaged  about  two  and  a  half  times  as  much  as  the  1953 
crop.  Furthermore,  the  difference  in  net  production  between  the 
two  years  approximately  equalled  the  difference  in  the  estimated 
food  requirements  of  the  zooplankton  populations.  In  other  words, 
the  1952  zooplankton  increased  sufficiently  to  use  the  extra  production 
and  keep  the  phytoplankton  crop  at  the  same  general  level. 

The  dominant  species  in  the  summer  zooplankton  population  was 
Acartia  tonsa.  It  is  pointed  out  (see  R.  J.  Conover  in  this  volume) 
that  this  species  appears  to  be  particularly  well  adapted  to  feed  on 
the  larger  phytoplankton  forms  and  that  both  species  of  Acartia  fed 
more  effectively  on  diatoms  than  on  natural  populations  of  small 
summer  flagellates.  Thus  the  experimental  work  indicates  that  the 
species  composition  of  the  phytoplankton  in  1952  was  particularly 
favorable  for  the  support  of  the  larger  mpmhers  of  the  zooplankton 
population.  It  appears  to  be  this,  rather  than  the  slight-  difference 
in  productivity,  that  was  primarily  responsible  for  the  vast  difference 
in  zooplankton  crops. 

In  the  waters  of  Block  Island  Sound,  a  relatively  open  body  of 
coastal  water  east  of  Long  Island  Sound,  a  cursory  one-year  survey 
(Riley,  1952)  has  provided  enough  data  for  a  rough  comparison  of 
the  two  areas.  The  ratio  of  annual  mean  Burface  phytoplankton 
concentration  was  2.3:1,  the  larger  value  being  in  central  Long  Island 
Sound.  The  ratio  of  total  crops  was  1.5:1.  Zooplankton  displace¬ 
ment  volumes  (No.  10  net)  were  1,5:1  on  a  volumetric  basis  and  1:1 
in  terms  of  quantity  per  unit  area.  With  regard  to  oxygen  production 
and  consumption,  the  net  utilization  in  the  lower  half  of  the  water 
column  in  Block  Island  Sound  totalled  41  ml/cm2  in  a  year's  time  as 
compared  with  30  ml  in  Long  Island  Sound.  The  net  increase  in 
oxygen  at  the  surface  appeared  to  be  much  larger  in  Block  Island 
Sound  (68  ml/year),  and  it  was  postulated  that  the  excess  of  phyto¬ 
plankton  production  over  utilization  was  dissipated  offshore  by 
lateral  diffusion.  The  total  productivity  of  Block  Island  Sound 
was  not  determined.  The  correction  factor  for  the  respiration  of 
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the  plankton  population  is  presumably  smaller,  and  tentative  estimates 
suggest  that  there  is  little  difference  in  the  total  productivity  of  the 
two  areas. 

The  extensive  study  by  Harvey  (1950)  of  production  in  the  English 
Channel  provides  material  for  comparison  of  two  quite  different 
temperate  water  habitats.  The  area  examined  off  Plymouth  is  deeper 
than  Long  Island  Sound,  averaging  some  70  m.  The  nutrient  and 
plankton  concentrations  are  comparatively  small,  but  it  appears  to 
be  a  remarkably  efficient  system  with  respect  to  both  nutrient  utiliza¬ 
tion  and  subsequent  biological  conversion. 


TABLE  Vm.  Comparison  op  Mean  Annual  Standi.no  Crops  and 
Organic  Production  eg  organic  matter/m*)  in  the  English 
Channel  (EC)  and  Central  Lono  Ibland  Sound  (US). 


Standing  Crop 

Doily  Production 

RtspiraLtr  y 

Loss 

EC 

LIS 

EC 

LIS 

EC 

LIS 

Phytoplankton 

4 

16 

.4— .  5t 

3.2* 

1 . 07t 

— 

1.8* 

Zooplankton 

1.5 

2 

.  15 

— 

06 

.28 

Pelagic  £ah 

1.8 

— 

.0016 

— 

.025 

— 

Bacteria 

.04 

— 

— 

— 

.013 

.461 

Demersal  ash 

1-1.25 

— 

.001 

-- 

.015  j 

Epi-  and  in-fauna 

17 

9 

.03 

— 

.2-. 3  < 

.33 

Bacteria  .  l  — 

Total,  exclusive  of  phytoplankton  respiration 

.03  ' 

.34-. 44 

1.07 

*  Fhotcsynthetic  glucose  production  and  loss  of  glucose  by  respiration, 
t  Phytoplankton  production  in  excess  of  respiratory  requirement. 

$  Id  LIS  this  item  also  Includes  small  zooplankton  not  sampled  by  the  net. 


Table  VIII  quotes  part  of  the  data  from  Harvey  (1950:  table  4) 
and  compares  it  with  the  two-year  averages  from  Long  Island  Sound. 
The  method  of  arriving  at  the  figures  for  Long  Island  Sound  requires 
a  few  words  of  explanation.  The  mean  standing  crop  of  phytoplank¬ 
ton  has  a  chlorophyll  content  of  €  ug/1.  The  chlorophyll  content 
varies  between  0.6  and  1.5%  of  the  organic  matter  in  surface  net 
phytoplankton  tows  (see  Harris  and  Riley  in  this  volume),  the  latter 
figure  applying  primarily  to  a  short  period  in  winter  and  early  spring. 
A  reasonable  average  for  the  year  is  about  0.75%.  Hence  the  standing 
crop  of  organic  matter  in  a  column  of  water  20  m  deep  appears  to  be 
about  16  g/m2.  However,  Harvey  used  a  conversion  factor  only 
half  as  large.  If  one  or  the  other  is  in  error,  the  ratio  of  abundance 
in  the  two  areas  might  be  only  2:1  instead  of  4:1. 

In  the  case  of  zooplankton,  the  organic  content  has  averaged  about 
10%  of  the  wet  weight.  Thi3  figure  is  applied  to  the  mean  annual 
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displacement  volumes  of  No.  10  tows.  Data  on  bottom  fauns,  (see 
Sanders,  in  this  volume)  are  measured  dry  weights  less  the  weight  of 
shells  and  other  oV>viously  nonorganie  materials.  A  precise  estimate 
of  the  quantity  is  not  possible  at  this  stage  of  the  investigation,  and 
the  total  population  may  be  under-rated.  There  is  an  abundance  of 
nematodes  and  other  microfauua  that  has  not  been  included  in  the 
measurements,  and  some  of  the  largest  animals  have  not  been  sampled 
adequately.  Harvey's  estimate  may  be  a  little  large,  since  the  recent 
survey  by  Holme  (1953)  gave  an  average  value  of  11.2  g  dry  weight/m5. 

Total  photosynthesis  and  phytoplankton  respiration  are  listed  as 
glucose  equivalents  of  oxygen  data  in  Table  VI.  With  regard  to 
other  data  on  production  and  respiration,  one  milliliter  of  oxygen 
is  approximately  equivalent  to  one  milligram  of  organic  matter  of 
average  carbon  content.  Therefore,  the  data  in  Table  VI  require 
no  change  except  in  the  position  of  the  decimal  point.  The  figures 
for  total  oxygen  consumption  on  the  bottom  in  Long  Island  Sound 
properly  include  all  three  of  Harvey’s  categories  of  bottom  organisms. 
The  pelagic  fish  constitute  a  blind  spot  in  the  Long  Isiand  Sound 
balance  sheet.  No  allowance  has  been  made  for  them  in  calculating 
total  oxygen  consumption,  and  if  they  utilize  a  significant  amount  of 
organic  matter,  the  estimates  of  total  production  will  need  to  be 
increased  a  corresponding  amount. 

These  two  bodies  of  water  are  not  very  different  with  respect  to 
potential  nutrient  supply  if  the  latter  is  rated  in  terms  of  the  amount 
of  essential  elements  underlying  a  unit  area  of  surface  at  the  time  of 
the  winter  maximum.  Long  Island  Sound  has  more  phosphate  and 
slightly  less  nitrate.  In  terms  of  nutrient  concentrations,  which 
are  important  in  determining  the  rate  of  absorption,  the  Sound  is 
superior.  This,  together  with  the  efficiency  of  recirculation  of  re¬ 
generated  nutrients  in  shallow  turbulent  waters,  is  presumably 
responsible  for  the  high  net  production  in  the  Sound. 

The  dominant  members  of  the  zooplankton  population  have  been 
shown  (R.  J.  Conover  in  this  volume)  to  be  relatively  inefficient 
feeders  with  high  respiratory  requirements,  and  their  inefficiency 
is  reflected  in  a  landing  crop  only  slightly  larger  than  the  English 
Channel  population,  despite  the  iarge  concentration  of  phytoplankton 
that  is  available.  The  latter  appears  to  be  mainly  utilized  by  small 
organisms  in  the  water  column  and  by  the  benthic  population.  The 
benthic  productivity  is  large,  and  the  number  of  organisms  is  enormous, 
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since  the  fauna  consists  primarily  of  small  herbivores  and  detritus 
feeders.  Pelagic  fish  eggs  and  larvae  are  abundant  (see  Wheatland 
m  this  volume).  Phc  iDound  inay  be  an  impci'caui,  unci 

nursery  ground,  but  commercial  fishery  statistics  indicate  that  the 
adult  population  is  smaller  than  that  in  the  open  coastal  waters  to 
the  east.  In  general.  Long  Island  Sound  appears  to  be  relatively 
inefficient  in  the  production  of  both  groundfish  and  carnivorous 
invertebrate  epifauna,  as  compared  with  both  Block  Island  Sound 
and  the  English  Channel. 

The  reasons  for  this  inefficiency  are  not  clear,  although  some  of  the 
symptoms  are  obvious:  in  spring  an  excessive  plant  growth  that- 
cannot  be  used  immediately  by  the  animal  population  and  that 
probably  is  largely  wasted  in  bacterial  activity;  in  summer  a  heavy 
growth  of  small  algae  that  appear  not  to  provide  adequate  food  for 
a  mature  zooplankton  population.  Possibly  the  Sound  represents 
an  intermediate  point  between  a  normal  marine  environment  and  the 
highly  aberrant  situation  described  by  Ryther  (1954)  in  Moriches 
Bay  and  Great  South  Bay,  Long  Island.  There,  excessive  fertilization 
and  reduced  salinity  promoted  the  growth  of  “small  forms”  which 
not  only  out-competed  the  larger  phytoplankton  species  hut  also 
were  useless  or  harmful  to  the  animal  population. 
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ABSTRACT 


The  results  of  a  bottom  survey  carried  out  from  August  1053  to  September  1954 
revealed  that  Long  Island  Sound,  in  contrast  to  other  areas,  supports  oxtremely 
large  populations  of  benthic  animals.  The  mean  number  at  each  station  varied 
from  5,563  to  40,398,  while  the  mean  weight  of  animals  leas  than  0.2  g  dry  weight 
ranged  from  4.54  to  30.38  g/m*.  The  infauna  of  each  station  was  characterised 
fcy  a  narrow  range  of  biomaoB  valuta  which  were  hugely  dependent  on  sediment 
composition.  The  greatest  biomasses  were  found  when  the  sediment  contained 
from  13-25%  silt  and  clay.  This  appeared  to  be  an  optimal  concentration,  since 
both  increases  and  decreases  of  the  silt-clay  fraction  gave  progressively  smaller 
biomass  values. 

The  biology  of  some  of  the  dominant  amnmls  is  discussed.  The  genus  Amptlisca 
wan  particularly  interesting  in  that  it  could  be  divided  into  two  distinct  groups 
with  respect  to  size  and  distribution  although  the  groups  could  not  be  separated  on 
the  basis  of  taxonomic  characters.  Form  A  was  confined  to  coarser  sediments  and 
was  3-4  times  as  heavy  as  its  counterpart,  form  B,  which  was  found  only  in  the 
softer  sediments.  In  both  species  the  females  appeared  to  be  about  15  times  more 
abundant  than  the  males.  However,  on  closer  examination,  it  was  apparent  that  ap¬ 
proximately  half  of  the  females  were  gynomorphic  males. 

Values  for  organic  production  were  obtained  for  four  of  the  dominant  species. 
On  the  basis  of  these  figures,  the  annual  productivity  (2.44  times  larger  than  that 
of  the  mean  standing  crop)  was  determined  for  the  infauna. 

The  relationship  between  primary  feeding  types  and  sediment  composition  was 
investigated.  Suspension  feeders  were  clearly  the  major  feeding  types  in  coarser 
sediments,  while  selective  and  nonselective  deposit  feeders  dominated  the  finer 
sediments. 

A  new  association  of  animals,  the  Nophthys  incisa-Y oldia  iitnatula  community 
is  described.  This  soft  bottom  community  is  limited  to  sediments  containing  more 
thuD  25%  silt-clay  and  is  found  at  depths  of  from  4  to  at  least  30  m. 
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INTRODUCTION 

Since  1911  numerous  quantitative  bottom  investigations  have 
been  undertaken  in  many  parts  of  the  world,  particularly  in  north¬ 
western  Europe.  However,  with  the  exception  of  a  single  modest 
study  in  the  Cape  Cod  region  of  Massachusetts  (Lee,  1944),  no  quanti¬ 
tative  survey  of  bottom  communities  from  any  regiun  of  the  eastern 
coast  of  North  America  has  been  published.  The  present  investiga¬ 
tion,  within  the  limited  area  of  Long  Island  Sound,  was  undertaken 
in  an  attempt  to  correct  this  condition, 

This  study  represents  a  single  component  of  a  comprehensive 
oceanographic  and  biological  survey  of  Long  Island  Sound  carried 
out  by  members  of  the  Bingham  Oceanographic  Laboratory  of  Yale 
University.  Aspects  that  will  he  considered  in  this  paper  are:  (1) 
species  composition  of  the  benthic  populations;  (2)  quantitative 
evaluation  of  benthic  animals;  (3)  relation  of  biomass  to  physical 
factors,  such  as  sediment  composition;  (4)  the  effect  of  certain  physical 
factors  on  the  distribution  of  the  primary  feeding  types  of  benthic 
animals;  (5)  comparison  of  biomasa  and  numerical  values  in  Long 
Island  Sound  with  those  found  in  other  regions:  (61  life  histories  of 
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the  more  important  dominant  species;  (7)  productivity  and  the 
standing  crop;  and  (8)  a  description  of  the  bemhic  communities  of 
Long  Island  Sound. 

>,rr^'T'TTr\T^ci 

The  central  area  of  Long  Island  Sound  (see  Fig.  1)  was  investigated 
for  a  period  extending  from  the  summer  of  1953  until  the  fall  of  1954. 
Collections  were  made  aboard  the  U.  S.  Fish  and  Wildlife  Vessel, 
Shamo  Wheeler,  stationed  at  Milford,  Connecticut.  Eight  stations 
were  set  up  as  shown  in  Table  I. 


TABLE  I.  List  or  Stations 

Bottom  Bottom 

Temperature  °C  Salinity  %• 


Station 

Latitude,  A? 

Isonfitude,  W 

Dcpift  (m) 

Max. 

Min. 

Max, 

Min. 

Chftrlps  Is.  41-11 . 3 

73-00,4 

0-8 

» 

s 

* 

• 

1 

41-11,1 

73-01.8 

10  -12 

22.10 

1.55 

28.67 

24.77 

2 

41-08.0 

72-63.9 

19  -22 

21.95 

1.85 

28.73 

24.84 

3 

41-00.3 

73-00,2 

27  -29 

21.85 

2.15 

28.87 

25.45 

\ 

41-04.9 

73-06.2 

18. 5-22 . 5 

21.95 

1.86 

28.69 

25.35 

5 

41-01.4 

72-58.0 

28.5-31 

21.00 

1  25 

28.70 

24.78 

7 

41-13.6 

72-50.0 

10  -13 

22.00 

0.80 

28.03 

24.70 

3 

41-14.0 

72-46. 4 

11.6-14 

22,06 

1.35 

29.18 

25.02 

•  Not  taken. 


Charles  Island  and  Sts.  i  and  3  were  sampled  every  other  month; 
Sts.  4,  5  and  7  every  three  inonihs;  Sts.  2  and  8  twice  yearly. 

In  the  present  study,  consideration  of  currents  is  particularly 
important  from  the  standpoint  of  the  food  supply  of  suspension 
feeders.  Strong  currents  have  the  double  effect  of  rapidly  renewing 
the  water  in  the  immediate  vicinity  of  the  bottom  and  of  resuspending 
particles  that  have  settled  out  while  weak  currents  would  be  less 
effective  in  these  respects.  In  addition,  a  weak  flow  permits  an 
accumulation  of  silt  and  clay  which  forms  a  surface  that  tends  to 
hamper  resuspension  of  organic  materials,  as  will  be  described  later. 

The  general  order  of  magnitude  of  maximum  current  speed  at 
approximately  one  meter  from  the  bottom  was  20-35  crn/sec  in  the 
central  area,  and  the  average  speed  of  the  entire  tidal  cycle  was  about 
two-thirds  of  the  maximum  current  speed  (see  Riley’s  Phtsical 
Oceanography  in  this  volume).  Since  there  are  only  minimal  dif¬ 
ferences  in  the  measured  currents  from  ore  station  to  another,  and 
since  the  current  speeds  decrease  toward  bottom,  it  is  difficult  to  get 
an  accurate  measurement  close  enough  to  bottom  to  be  useful  for 
present  purposes. 
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Equipment.  The  samples  were  collected  by  means  of  a  modified 
anchor  dredge  (Forster,  1953)  which  was  designed  to  obtain  samples 
from  sandy  sediments  that  are  inadequately  sampled  by  ordinary 
dredges.  Since  the  dredge,  loaded  with  sediment,  was  often  damaged 
against  the  sides  of  the  vessel  in  tough  seas,  it  was  necessary  to  build 
a  protective  frame  around  the  instrument.  To  facilitate  digging, 
bars  of  lead  were  placed  within  the  frame,  particularly  over  the  digging 
edge,  thus  increasing  the  weight  of  the  dredge  from  25  to  85  pounds, 
The  dredge  cut  to  a  depth  of  7.6  cm  in  all  types  of  sediments,  and  a 
small-meshed  burlap  bag  attached  to  the  frame  caught  and  retained 
the  sediment  that  passed  into  it. 


Treatment  of  Samples.  Each  sediment  sample  was  emptied  into 
a  large  bucket  where  it  was  divided  into  three  parts  and  then  measured. 
Large  fractions,  such  as  those  of  about  13,000  cc,  were  washed  through 
a  No.  10  sieve;  smaller  fractions  of  about  1,500  cc  were  put  through  a 
No.  50  sieve  to  retain  the  smaller  organisms.  Since  the  gear  dug  to  a 
depth  of  7.0  cm,  the  area  of  the  sample  was  obtained  by  dividing 
the  volume  by  7.6.  About  500  cc  were  saved  for  mechanical  analysis 
of  the  sediment. 

The  organisms  in  both  large  and  small  fractions  were  carefully 
picked  out  and  sorted  to  species;  each  individual  of  a  nondominant 


foim  was  counted  and  weishe 


a  -.;*u  -ii... 


acu  n  ilia  w  i  i 


er  jLucmbers  of  its  species, 


Initial  use  of  wet  weight  gave  such  unreliable  data  that  the  use  of  dry- 
weight  was  adopted.  Specimens  were  placed  in  an  oven  and  heated 
at  about  100°  C  to  constant  weight,  after  which  they  were  weighed 
on  a  sensitive  balance.  The  calcium  carbonate  of  mollusc  shells  was 
removed  by  use  of  dilute  hydrochloric  acid. 

For  each  of  the  numerically  abundant  (dominant)  species,  a  series 
of  graduated  size  ranges  was  obtained  and  individuals  were  stored 
in  formalin  according  to  their  length  category.  When  enough  indi¬ 
viduals  of  each  size  group  had  been  accumulated,  the  total  dry  weight 
was  obtained  in  the  manner  described  above  and  this  figure  was  divided 
by  the  number  of  animals  used.  In  this  manner  an  exact  relationship 
between  length  and  dry  weight  was  obtained  for  the  various  sizes  of 
each  of  the  dominant  species  (see  Appendix  I). 


Mechanical  Analysis.  One  of  the  important  factors  in  a  study 
of  benthic  communities  is  the  character  of  the  bottom  which  the 
animals  inhabit.  Since  particle  size  analysis  has  been  extensively 
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studied  by  soil  scientists,  their  standard  procedures  (Buoyoucos, 
1936)  were  employed  in  this  study.  First  the  air-dried  sediment 
was  gently  ground  in  a  mortar  equipped  with  a  rubber  tipped  pestle 
auu  then  sieved  through  a  2  mm  round  hole  screen.  The  portion 
retained  on  the  sieve  was  the  gravel  component.  A  portion  of  the 
residue,  usually  either  50  or  100  g,  was  placed  in  suspension  in  a 
mechanical  agitator,  and  one  ee  of  sodium  oxylate  and  one  cc  of 
sodium  hydroxide  were  added.  Sodium  oxylate  is  a  dispersing  agent 
in  itself  and  sodium  hydroxide  has  the  effect  of  raising  the  pH  and 
thus  enhancing  further  the  dispersing  action.  The  solution,  after 
agitation  in  a  Waring  blender  for  5-10  minutes  depending  on  the 
size  of  the  sample,  was  placed  in  a  Buoyoucos  cylinder  to  which  water 
was  added  to  bring  the  water  column  to  the  desired  level.  The 
solution  was  again  agitated  for  at  least  one  minute  by  means  of  a 
manual  agitator  so  as  to  force  all  of  .he  material  into  suspension. 

Different  size  particles  settle  out  at  different  rates  of  speed,  the 
larger  the  particle  the  more  rapid  the  settling.  In  this  procedure 
the  changes  in  density  of  the  medium  at  given  intervals  of  time  were 
measured  and  the  percentages  of  the  different  size  particles  were 
determined.  At  the  end  of  40  seconds,  when  all  sand-size  particles 
had  settled  out,  hydrometer  and  temperature  readings  were  taken. 
Since  temperature  alters  the  density  of  the  medium,  it  was  corrected 
to  57°  F;  for  every  degree  over  575  r ,  0.2  w'as  subtracted  from  the 
hydrometer  reading,  and  for  every  degree  under,  0.2  was  added. 
Readings  at  the  end  of  15  minutes,  one  hour  and  two  hours  gave  the 
concentrations  by  weight  of  coarse  silt  (50--20m),  medium  silt  (20-5^), 
fine  silt  (5-2 y)  and  clay  (<  2y). 

The  sand  fraction,  which  was  retained  and  dried  in  an  oven,  was 
passed  through  a  series  of  sieves  having  apertures  of  1.0,  0.5,  0,25, 
0.105  and  0,049  mm.  The  sand  retained  on  each  of  these  screens  was 
weighed  to  obtain  a  measure  of  very  coarse  (1. 0-2.0  mm),  coarse 
(0. 5-1.0  mm),  medium  (0.25-0.5  mm),  fine  (0.105-0.25  mm)  and 
very  fine  (0.049-0.105  mm)  sands. 

During  the  preliminary  dispersing  treatment  there  was  a  great  deal 
of  flocculation  of  the  finer  particles  due  to  excess  salt  in  the  marine 
sediments,  hence  it  was  necessary  to  modify  the  procedure.  To  re¬ 
move  this  excess  salt,  the  sample  was  centrifuged  a  number  of  times 
with  distilled  water  and  after  each  centrifugation  the  clear  supernatant 
was  decanted  off.  This  procedure  was  continued  until  the  solution 
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became  cloudy,  indicating  that  the  salt  concentration  was  reduced 
to  a  point  where  flocculation  did  not  occur.  To  test  the  effectiveness 
of  this  modification,  a  sediment  sample  from  St.  1  (Dec.  21,  1953) 
was  divided  into  two  equal  parts,  one  part  being  treated  in  the  usual 
manner,  the  other  by  the  modified  technique.  The  modified  method 
increased  the  clay  yield  by  62%  and  the  clay  content  in  the  fine 
sediment  from  St.  3  (June  29.  1954)  was  raised  by  28.7%. 

Since  organic  matter  is  trapped  predominantly  by  clays  and  to 
a  much  lesser  degree  by  fine  silts,  coarse  silts,  and  sands  (RusseJl, 
1950),  the  clay  component  is  of  prime  biological  importance  and 
should  be  determined  with  great  accuracy.  All  clay  minerals  except 
kaolin  bind  organic  matter,  but  kaolin  is  not  likely  to  be  present 
in  the  Long  Island  Sound  area  (Tamura,  personal  communication). 


TABLE  II.  Textural  Classification  of  Site  Particles  is  mm. 


Gravels 

Very  coa.  sand 
Coarse  sand 
Medium  sand 
Fine  sand 
Very  fine  sand 
Coarse  sills 

oi  1  fa 

Fine  silts 


2.0 

2.0  -1.0 
1.0  -0.5 
0.5  -0.25 
0.25-0.10 
0.10-0.05 
0.05-0.02 
0 . 02—0 • 005 
0. 005-0. 0C2 


Further  definition  of  the  sediments  was  obtained  by  visual  observa¬ 
tion.  The  dried  sample  was  compared  with  a  number  of  standard 
shades  of  color,  each  having  a  serial  number  and  name  (Soil  Survey 
Staff,  1951).  The  sample  was  then  given  the  name  and  serial  number 
of  the  shade  or  shades  that  it  most  nearly  approximated. 

The  “textural”  classification  in  this  work  is  based  on  the  system 
used  by  the  U.  S.  Department  of  Agriculture  (Soil  Survey  Staff,  1951), 
each  type  being  characterized  by  a  precise  proportionality  among 
the  size  particles  of  the  sediment  (see  Table  II). 

The  use  of  such  procedure  keeps  the  subjective  interpretations  of  the 
investigator  to  a  minimum,  and  its  adoption  in  benthic  studies  would 
greatly  facilitate  comparison  of  similar  investigations. 

The  results  of  mechanical  analysis,  “textural”  classification  and 
visual  observation  are  given  in  Table  III,  In  every  sample  the 
percentages  of  gravel  through  clay  added  up  to  one  hundred,  but  if 
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a  significant  fraction  of  shell  was  present  it  was  placed  in  a  separate 
column  and  its  percentage  computed. 

It  is  somewhat  difficult  to  compare  the  sediment  analysis  of  this 
investigation  with  that  of  previous  studies  because  of  the  variety 
of  standards  used.  Beanland  (1940)  separated  the  particles  into 
three  grades:  sand,  with  a  minimum  diameter  of  0.04  mm;  silts, 
w:th  a  minimum  of  0.01  mm:  and  fine  silts,  with  a  minimum  of  0.002 
mm.  The  proportions  of  the  three  components  in  each  sample 
were  added  and  the  mean-sized  particle  or  “Representative  Number” 
was  determined.  This  was  multiplied  by  a  factor  of  100  to  give  the 
whole  number  which  was  used  to  characterize  the  sample. 

Fraser  (1932),  working  in  estuarian  mud,  divided  his  sediments 
into  the  following  grades:  (1)  above  0.1  mm;  (2)  between  0.06  and 
0.1  mm;  (3)  between  0.02-0.06  mm;  (4)  below  0.02  mm;  and  finally 
silt.  Crawford  (1937),  using  the  procedure  of  Allen  (1899),  separated 
the  sediment  into  eight  grades:  stones,  coarse  gravel,  medium  gravel, 
fine  gravel,  coarse  sand,  medium  sand,  fine  sand,  and  silts;  these 
were  defined  as  materials  which  will  not  pass  through  sieves  of  15, 
5,  2.5,  1.5,  1.0,  0.5  mm,  material  which  will  pass  through  a  0.5  mm 
sieve  but  which  settles  out  in  one  minute,  and  particles  which  remain 


m  suspension  at  the  end  ot  cue  minute. 
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the  Wentworth  gTR.de  scale,  using  sieves  of  the  following  apertures; 
2.0,  1.0,  0.5,  0.25,  0.20  and  0.125  mm;  particle  separation  at  1/32  mm 
was  made  by  repeated  decantations.  Aside  from  the  large  number 
of  scales  used,  these  works  suffer  from  failure  to  separate  the  clay 
from  the  silt  fraction. 


Compared  to  the  works  referred  to  above,  even  the  coarser  sedi¬ 
ments  (see  Sts.  1  and  4)  in  the  present  study  yielded  appreciable 
fractions  of  clay  particles.  Certain  samples,  primarily  from  St. 
3,  gave  larger  concentrations  of  clay  than  any  of  those  obtained 
by  the  above  investigators.  .AJthough  these  larger  concentrations 
may  reflect  high  concentrations  of  these  particles  in  certain  deposits 
in  the  Long  Island  Sound  area,  it  is  probable  that  they  are  due  in 
large  measure  to  the  technique  used.  More  accurate  procedures 
for  mechanical  analysis  with  pipetting  techniques  are  published  by 
Soil  Survey  Staff  (1951),  but  such  techniques  are  much  more  time 
consuming  than  the  Buoyoueos  hydrometer  method  unless  a  labora¬ 
tory  is  specially  equipped  to  do  mechanical  analysis.  The  values 
obtained  for  the  silt-clay  content  by  the  Buoyoueos  method  are 
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probably  somewhat  low.  At  any  rate,  the  low  values  reported  for 
these  fractions  in  previous  benthic  studies  lead  one  to  suspect  that  the 
techniques  used  have  mvolved  serious  losses  of  these  components. 


QUANTITATIVE  EVALUATION  OF  BENTHIC  ANIMALS 

Results  in  Long  Island  Sound.  In  36  samples,  taken  from  August 
1953  to  September  1954,  135  animals  were  found,  119  of  which  were 
identified  to  species  (see  Appendix  II).  Included  among  these  was 
Hutchinsoniella  macracantha,  which  represents  a  new  subclass  of 


Firwre  2.  Total  dry  weight  of  e3ch  sample  by  station.  The  height  of  each  horizontal 
line  from  the  baseline  represents  the  biomass  of  a  single  sample. 


Figure  3.  Dry  weight  of  animals  weigh-  Figure  4.  Dry  weight  of  infauna  weigh¬ 
ing  less  than  0.2  g  in  each  sample  by  station,  Ing  less  than  0.2  g  in  each  sample. 

Height  of  each  horizjutal  line  from  bateline 
represents  the  biomass  of  a  single  sample. 

Crustacea  (Sanders,  1955).  The  analyses  of  some  representative 
stations  are  shown  in  Appendix  III.1 

In  this  investigation,  as  in  others  of  a  similar  nature,  the  biomass 
frequently  varied  widely  from  sample  to  sample  and  from  station 
to  station.  For  instance,  Holme  (1953)  found  greet  variance  between 
successive  hauls  at  the  same  location  and  between  pairs  of  samples 
from  the  same  haul.  It  is  apparent  in  the  total  dry  weights  of  all 
samples  in  the  present  study  (see  Fig.  2)  that  the  biomass  varied 
widely  in  different  samples  from  the  same  station,  particularly  those 
from  Charles  Island  and  from  Sts.  1  and  4.  Such  large  differences 
have  resulted  primarily  from  the  occasional  random  distribution 

1  Complete  data  may  be  obtained  from  the  Bingham  Oceanographic  L&boratoiy, 
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of  certain  large  epifauna!  animals  such  as  Libinia  emarginata,  Cancer 
irrorcUa ,  Ovalipe s  ocellatus,  Pagurus  pollicaris.  and  Asierias  forbesi 
whose  size  was  sufficient,  to  increase  the  weight  of  a  sample  anywhere 
from  200-5,000  %.  However,  as  shown  in  Fig.  3,  if  the  large  organisms 
are  excluded  and  if  only  those  individuals  which  weigh  0.2  g  (dry 
weight)  or  less  are  included,  then  a  greater  degree  of  uniformity 
and  a  more  workable  correlation  of  biomass  to  its  environment  are 
achieved.  Hereafter  animals  within  this  weight  range  will  be  referred 
to  as  “small  animals.”  An  even  better  homogeneity  is  achieved  when 
only  small  animals  of  the  infauna  are  considered  (see  Fig,  4),  The 
infauna  is  defined  in  the  manner  of  Petersen  (1913)  as  “animals 
connected  with  the  level  sea  bottom,”  these  being  forms  that  burrow 
or  live  in  the  sediment.  The  epifauna,  on  the  other  hand,  consists 
of  those  forms  which  are  found  on  the  sea  bottom  and  which  may  be 
sessile  attached  or  motile.  When  only  small  animals  of  the  infauna 
are  considered,  each  station  can  be  characterized  by  a  relatively 
narrow  range  of  biomass  values. 

Charles  Island.  Excluding  two  aberrant  samples,  this  station 
supports  an  infauna  of  5.70-20,90g/m5  and  its  sediments  contain 
less  than  6%  gravel,  about  89%  sands,  3.5%  silts,  and  4%  clay. 

rm  _  _ i  .  : _ j. _ 3 i..* o  —  er\n-f  * S  u _  i : 

x  ue  prcuuminnui  enuu  gxtuii,  ma&uig  oi—uvyc  ui  enure  seui- 

ment  by  weight,  ia  fine  (0.2ct-0.10d  mm) ,  Shell,  if  included  in  the 
analysis,  would  comprise  4%.  The  sample  with  the  highest  silt-clay 
content  (April  30,  1954)  had  the  heaviest  biomass,  20.90g/ms. 

The  two  samples  excluded  from  the  above  discussion  (August  17, 
1953;  October  28,  1953)  differed  from  the  others  in  that  their  silt-clay 
content  wras  approximately  20%  greater;  their  recorded  biomass 
was  53.0  g/m5.  These  data  suggest  a  positive  correlation  between 
silt-clay  content  and  biomass  values  at  Charles  Island. 

Station  1.  The  infaunal  contribution  to  the  biomass,  1.14-8.74 
g/m3,  with  the  mode  about  3.40  g,  was  small  in  that  it  was  only  one- 
fifth  as  large  as  the  small  animals  in  the  epifauna  (see  Figs.  3,  5). 
The  sediments  at  this  station,  which  were  very  coarse,  consisted  of: 
gravel,  15-36%;  sands,  60-76%;  silts,  about  2.5%;  and  clays  2.2%. 
A  significant  fraction  of  shell,  largely  from  the  oyster  Crassostrea 
virginica,  was  present  also:  6-17%. 

Station  2,  The  sediment  was  characterized  by  a  high  fraction 
of  silt  and  clay,  the  silts  averaging  35%,  the  clays  21%.  Sands 
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constituted  the  remaining  44%;  gravel  and  shell  were  absent.  The 
biomass  of  the  infauna  varied  from  3.80-5.70  g  while  the  epifauna 
contributed  almost  nothing  to  the  standing  crop. 

Station  3.  Here  was  found  not  only  the  highest  silt-clay  percentage 
of  any  station  in  the  survey  but  also  the  lowest  values  for  total  biomass 
and  infauna;  almost  no  epifauna  was  present.  Six  of  the  seven 
infaunal  values  varied  from  1.14-4.94  g/m2,  and  the  seventh  (Aug. 
11,  1953),  16.49  g,  was  made  up  largely  of  a  single  species,  Nucula 
proxima,  which  comprised  more  than  80%  of  the  biomass.  The 
sediment  consisted  of  the  following:  sands,  predominantly  the  finer 
grades,  24-30%  by  weight;  gravels  and  shells,  0;  silts.  28-40%;  and 
clays,  26-45%.  In  contrast  to  the  findings  at  Charles  Island,  the 
significantly  larger  silt-clay  content  at  Sts.  2  and  3  is  associated  with 
low  biomass  values. 

Station  4.  Composition  of  the  sediment  at  this  station  differed 
drastically  from  that  at  Sts.  2  and  3.  Gravels  made  a  major  con¬ 
tribution  with  9-28%;  sands,  66-83% ;  silts,  1.5-2. 9%;  clays,  2. 6-4.0%. 
Shell,  if  included,  would  have  comprised  on’y  a  fraction  of  one  percent 
of  the  sample.  When  the  largest  animals  were  excluded,  the  infauna 
component  was  by  far  the  most  important  part  of  the  biomass,  yielding 
relatively  high  values:  22.42-29.26  g/m:. 

Station  5.  Here  two  different  types  of  sediments  were  found. 
Tw’O  of  the  three  samples  were  composed  of  3.8%  gravel,  72-73% 
sand,  10.5-12%  silt,  and  12-12.5%  clay;  the  biomass  of  the  infauna 
was  somewhat  intermediate,  with  values  varying  from  11 .02-12.54  g/m2. 
The  third  sample  (May  20,  1954)  contained  a  much  higher  fraction 
of  sand,  91.6%,  while  gravel,  silts,  and  clays  comprised  only  0.3,  3.6  and 
4.5%  respectively.  The  biomass  value  was  low,  4.03  g,  or  about  one- 
third  of  the  standing  crop  found  in  the  other  two  samples. 

Station  7.  Again  the  population  was  largely  represented  by  in¬ 
fauna,  the  biomass  values  being  intermediate,  from  7.60  to  12.16  g/m2. 
The  gravels,  sands,  silts  and  clays  constituted  approximately  3.5, 
60.0,  19.5  and  12.0%  respectively.  Shell  comprised  less  than  3% 
of  the  sample 

Station  8.  This  station  was  also  characterised  by  intermediate 
biomass  values,  7.60-14.0  g/m5.  The  sediments  were  made  up  of 
about  72%  sands,  20.5%  silts  and  7.5%  clays.  Gravels  were  not 
present  and  shell  made  up  only  a  minute  fraction  of  the  sample. 
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Although  samples  were  laker;  at  all  seasons  of  the  year,  seasonal 
va'iatiyus  were  nut  jres*  ( uough  to  mask  diUtivnccs  in  biomass 
Ud» «?a  stations.  In  fae?,  the  biomass  values  were  -so  distinctly 
d'ffertml  tha'  it  is,  reasonable  to  assume  that  the  seasonal  effect  wgg 
of  secondary  importance.  On  those  few  occasions  vhen  one  or  two 
samples  from  a  station  departed  widely  from  average  values  ii  was 
found  ■. hat  such  departures  were  associated  with  abnormal  sediment 
composition  (fj.g..  Charles  Island  and  St.  5).  Thus  they  represented 
different  sediment  environments  rather  than  seasonal  fluctuations. 

The  reason  for  the  characteristic  biomass  values  of  each  station 
is  more  difficult  to  explain.  For  example,  why  were  the  infauna 
of  the  two  stations  with  the  cojmsest  sediments  so  different?  At  St.  4, 
where  no  shells  were  present,  the  biomass  was  six  times  greater  than 
that  at  St.  1,  where  shells  were  abundant.  Since  the  shells  at  St.  1 
were  large  and  relatively  flat  (Cratsostrsa  virginica)  and  since  they 
were  probably  distributed  for  the  most  part  on  or  near  the  surface, 
is  it  not  feasible  to  assume  that  the  infauna  was  unable  to  make 


contact  with  the  surface  sediment  and  was  thereby  excluded  from 
the  sediment  when  such  shells  were  present.  Thus  we  may  postulate 
that  the  size  of  the  infauna  may  be  influenced  in  part  at  least  by  the 
extent  to  which  the  available  bottom  is  covered  by  shells. 

Also,  from  the  data  we  find  that  there  is  a  fairly  definite  relation¬ 
ship  of  infaunal  values  to  the  amount  of  silt  and  clay  in  the  sediment. 
That  is,  assuming  other  factors  equal,  the  infauna  increases  with 
increasing  amounts  of  silt  and  clay  up  to  a  certain  point  and  then 
decreases  with  further  increase  of  silt  and  clay  fractions.  For  example, 
at  Charles  Island  and  at  St.  5,  when  the  silt  content  was  low,  the 
infauna  increased  with  increasing  amounts  of  silt  and  clay.  Sts. 
2  and  3,  with  large  silt-clay  concentrations  of  60-75%,  yielded  the 
smallest  infaunal  values.  St.  ?,  ■'nth  a  silt-clay  content  of  about  32%, 
gave  appreciably  higher  -values.  It  appears,  then,  that  silt-clay 
concentrations  which  are  too  small  or  too  large  restrict  or  reduce 
the  size  of  the  biomass.  Hence  we  postulate  an  optimal  concentration 
of  silts  and  clays  for  the  development  of  maximal  infaunal  popula¬ 
tions.  The  optimal  range  in  this  study  is  estimated  to  be  13-25% 
silt-clay,  with  deviations  in  either  direction  from  these  values  yielding 
progressively  .smaller  biomass  values. 

The  mean  dry  weights  of  small  infauna  and  epifauna  at  each  station 
(Fig.  5)  show  that  significant  epifaunal  values  were  found  at  stations 
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Figure  5.  Moan  dry  weight  of  small  infauna  and  eptfauna.  at  each  station. 


having  hard  sandy  substrates,  that  is,  Charles  Island  and  Sts.  1  and  4. 
The  remaining  stations  provided  neither  the  stability  nor  solidity 
to  develop  such  large  populations. 

Table  IV  gives  the  mean  number  of  animals  characteristic  of  each 
station.  The  large  values  for  Charles  Island,  46,398,  were  primarily 
due  to  high  silt-clay  concentrations  in  the  two  samples  taken  on 
August  17  and  October  28,  1953:  173,120  and  98,507  animals/'m2 
respectively. 

Although  the  larger  animals  were  numerically  insignificant  in 
comparison  with  the  great  numerical  predominance  of  the  smaller 
ones,  they  still  made  an  important  contribution  to  the  standing  crop. 
Table  V  gives  the  number  and  weight  composition  of  the  large  animals 
for  each  station. 
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TABLE  IV.  Mean  Number  of  Animals  Characteristic  nr  Each  Station 


Stalior, 

Animals 

(per  m'l 

Charles  Is. 

46,398 

K 

34,762 

8 

15,200 

7 

8,421 

1 

7,957 

2 

7,395 

3 

5,844 

5 

5,503 

M  =■  16,443 

TABLE  V.  Numbers  and  Weights  of  Animal*  Weighing  More 
Than-  0.2  g  Dry  Weight 


Stalion 

Number 

Weigh 

(%) 

(%! 

ChArlea  Is. 

0C-.  160 

49.89 

1 

00. 163 

02,19 

4 

00.049 

29.32 

5 

00.228 

41.42 

2 

00.051 

51.45 

3 

00.018 

16.58 

7 

ubcCut 

nkaawt 

8 

absent 

absent 

M  =>  00.140 

M  ~  3o.ll 

Comparison  urith  Other  Areas.  It  is  almost  impossible  to  compare 
directly  the  results  of  this  study  with  those  of  previous  investigations 
because  of  the  varied  methods  and  equipment.  Sometimes  the  animals 
were  only  weighed,  other  times  only  counted;  at  least  nine  different 
types  of  sampling  gear  have  been  used,  and  the  sieve  sizes  used  in 
screening  out  the  organisms  have  been  almost  as  varied  as  the  gear; 
finally,  calculation  of  animal  weight  has  varied  widely  with  each 
individual  survey.  However,  in  spite  of  the  diverse  nature  of  previous 
work,  an  attempt  has  been  made  to  compare  the  numerical  results 
of  some  of  these  investigations  by  plotting  mesh  size  against  the  log 
of  the  number  of  animals  per  square  meter  (Fig.  6). 

Even  with  sieves  of  0.5  and  1.0  mm  apertures,  Miyadi  (1940, 
1941,  1941a)  obtained  extreme'y  low  values  (266-1,290  animals/m2) 
from  various  Japanese  bays,  probably  due  to  the  small  size  of  his 
bottom  samples,  l/37m2  with  the  Eckman  grab  and  l/50nr  with  the 
Eckman-Lenz  grab, 
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Figure  0.  Numerical  comparison  of  Long  Island  Sound  with  other  regions,  Each  histo¬ 
gram  conaistE  o’  iuiimdual  components  that  repiestmt  individual  stations.  For  example, 
the  Plymouth  histos  '-tn  represents  20  stations, 

In  other  surveys,  including  the  present  study,  sieves  with  i  mm 
apertures  were  also  used.  Ilaymont  (1949),  in  his  studies  of  the 
effect  of  fertilizers  on  ar,  enclosed  Scottish  loch,  obtained  values  over  & 
period  of  five  years  that  caved  4,554  to  23,014  animals/m2; 
however,  if  we  exclude  the  two  pe,  ks  vbVh  appear  to  result  directly 
from  addition  of  fertilizers,  then  rhe  upper  limit  of  the  range  would 
be  7,451  organisms/m2,  In  a  single  sample  of  macrofauna,  Mare 
(1942)  obtained  a  numerical  value  of  2,356  animals/m2  during  her 
investigation  of  various  trophic  levels  in  a  bottom  community  of  the 
open  shallow  coast  near  Plymouth.  In  Long  Island  Sound  the  mean 
values  for  the  eight  stations  varic-d  from  5,566  at  St.  5  to  46,404 
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animals/m5  at  Charles  Island,  with  the  average  of  the  means  being 
16,446. 

Although  Smidt  (1951)  studied  intertidal  flats  or  “waddens” 
rather  than  permanently  submerged  areas,  his  investigation  was  the 
only  one  of  those  considered  that  showed  populations  which  were  as 
large  or  larger  than  those  of  the  Sound  (31,000/m2  during  July- August 
1941  in  the  southern  area;  63,600/m2  at  Skallingen,  August  1942). 
Since  most  of  his  values  consisted  of  0-group  or  newly  settled  lamel- 
libranchs,  samplings  at  other  times  of  the  year,  particularly  during 
winter  and  spring,  might  reveal  sharply  reduced  numbers.  Smidt 
also  took  samples  from  the  shallow  channels  in  the  waddens  (2-Sm), 
and  in  these  permanently  submerged  areas  he  found  greatly  reduced 
numbers,  about  40-11,100,  with  a  mean  value  of  3,073  animals/m2. 
Only  a  partial  explanation  for  this  wide  difference  in  aubtidal  areas  can 
be  found  in  the  fact  that  he  used  a  screen  with  1.9  mm  mesh. 

Holme  (1953),  in  an  extensive  survey  of  the  English  Channel, 
sampled  a  grid  of  20  stations  and  passed  the  sediment  contents  through 
a  2.2  mm  sieve.  The  number  of  animals  per  sample  ranged  from 
10-292,  with  a  mean  of  160/m5.  He  then  passed  the  residue  from 
one  of  these  samples  through  a  1.2  mm  sieve;  28  animals  were  retained 
on  the  larger  screen  and  70  additional  specimens  were  revalued  on  the 
smaller  screen.  Although  Holme’s  samples  were  taken  close  to  the 
same  general  locality  investigated  by  Mare,  he  found  a  whole  order 
of  magnitude  less  than  that  reported  by  Mare.  The  great  discrepancy 
was  probably  due  to  sampling  error,  although  differences  in  mesh 
size  may  have  been  a  contributing  factor. 

From  this  brief  listing  of  results,  it  is  apparent  that  Long  Island 
Sound,  in  contrast  to  other  regions,  supports  significant  numbers 
of  benthic  animals.  Even  when  one  considers  the  varying  methods 
and  techniques  of  other  investigators  it  is  probable  that  the  number 
of  animals  in  a  unit  area  of  bottom  in  Long  Island  Sound  is  as  high 
as  that  found  in  any  other  extensive,  permanently  submerged  area, 

Comparison  of  biomasses  from  the  various  areas  investigated  is 
even  more  difficult  than  a  comparison  of  numbers.  Frequently  the 
larger  and  less  abundant  animals  arc  not  adequately  represented 
in  small  samples  and  their  inclusion  then  leads  to  distortion  in  the 
biomass  calculations.  In  view  of  the  fact  that  it  is  impossible  to 
separate  out  this  component  in  many  of  the  investigations,  such  data 
are  excluded  from  the  comparison  »n  Fig,  7. 
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Figure  7.  Comparison  of  tho  weight  of  the  biomass  of  Long  Island  Bound  with  ether 
regions,  see  explanation  In  Fig.  C. 


In  the  present  study  the  animals  are  separated  after  the  manner  nf 
Holme  (1953)  into  those  that  weigh  more  (.large  animals)  than  0.2  g 
dry  weight  and  those  that  weigh  less  (small  animals),  excluding  mol- 
luscan  shells.  Keeping  in  mind  the  different  mesh  sizes  used,  the 
results  of  this  study  are  directly  comparable  to  those  of  the  Plymouth 
studies;  in  Fig.  7  the  components  smaller  than  0.2  g  from  both  surveys 
are  illustrated.  Also  included  in  Fig.  7  are  the  dry  weights  obtained 
from  the  Loch  Craiglin  fertilization  experiment  (Payment,  1949), 
since  all  of  the  bottom  samples  consisted  of  small  animals,  with  few 
if  any  larger  organisms. 

Other  results  used  in  Fig.  7  are  obtained  indirectly.  The  biomass 
figures  for  the  long  range  investigation  at  Limfjord  (Blegvad  1928, 
1951)  were  given  in  “rough  weight,’'  which  is  defined  by  Blegvad  as 
“the  weight  of  animals  somewhat  free  of  water  and  molluscs  where 
the  shell  was  opened  to  drain  off  excess  water.”  This  term  then, 
is  equivalent  to  wet  or  live  weight.  Since  Petersen  and  Jensen. 
(1911)  worked  out  tho  relationship  between  wet  and  dry  (decalcified 
hi  the  case  of  molluscs)  weight  for  a  number  of  the  more  common 
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animals  found  in  Limfjord.  we  have  used  these  ratios  to  change  Blcg- 
vad’s  values  to  dry  weights.  When  there  was  no  equivalent  dry 
weight  percentage  given,  as  in  the  case  of  some  molluscs  or  polychaetes, 
an  average  of  the  range  of  values  found  in  that  group  was  used. 
For  example,  Petersen’s  (1913)  dry  weight  range  for  small  bivalves 
was  5-8%,  for  polychaetes  16-20%;  thus  the  means  of  these  groups. 
6.5%  and  18%,  were  used.  Furthermore,  the  Danish  workers  in¬ 
cluded  in  their  biomass  values  only  those  animals  which  were  eaten 
by  the  plaice;  this  so-called  “plaice  food’’  consists  of  most  of  the  smaller 
macrofauna  found  in  Limfjord.  Here  it  is  assumed  that  plaice  food 
is  equivalent  to  that  component  of  the  biomass  that  weighs  less  than 
0.2  g  dry  weight  in  the  Plymouth  and  Long  Island  Sound  surveys. 
While  this  is  approximately  true,  a  few  forms  like  the  gastropod 
Nassarius,  which  are  included  in  the  values  for  the  Long  Island  Sound 
investigation,  would  be  excluded  from  the  plaice  food  determinations. 

Since  the  populations  found  in  the  Danish  intertidal  areas  (Smidt, 
1951)  were  essentially  the  same  as  those  in  Limfjord,  the  same  cor¬ 
rections  were  applied. 

All  of  these  localities,  in  common  with  Long  Island  Sound,  are 
situated  in  shallow  water,  and  some,  as  in  the  cose  of  Limfjord  and 
Luc-h  Craiglin,  are  enclosed  environs.  It  is  apparent  from  Fig.  7 
that,  among  the  benthic  macrofauna  which  were  small  enough  to  be 
adequately  sampled,  the  biomass  in  Long  Island  Sound  was  much 
greater  than  that  in  the  other  localities,  even  when  the  peak  value 
in  Loch  Craiglin,  due  to  fertilization,  is  considered. 

Reference  to  Fig.  6  shows  that  the  numerical  values  for  the  waddens 
at  Skallingen  were  higher  than  any  of  those  from  Long  Island  Sound, 
whereas  the  biomasses  from  Skallingen  were  much  smaller,  due 
primarily  to  the  fact  that  the  newly-settled  spat  at  Skallingen  con¬ 
tributed  significantly  to  the  numerical  value  but  added  little  to  the 
biomass. 


Environmental  and  Biological  Conditions.  Sparck  (1935)  has 
reviewed  the  available  results  of  bottom  studies  and  has  tried  to 
relate  them  to  various  climatic  and  hydrographic  factors.  With 
other  factors  equal,  he  found  that  the  shallower  the  water  the  greater 
the  benthic  biomass.  Much  higher  values  were  obtained  at  Limfjord 
than  in  deeper  waters  m  lire  same  general  locality.  TLc  smallest 
values  were  obtained  in  nutrient-poor  waters,  such  as  the  Mediter¬ 
ranean,  White  Sea  and  East  Greenland  fjord,  while  maximal  values 
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were  found  in  areas  of  considerable  water  renewal  surrounded  by 
regions  of  high  precipitation. 

Long  Island  Sound  is  shallow,  averages  only  aboui.  20  m  in  depth, 
and  has  a  maximum  depth  of  about  100  m  at  the  eastern  end.  This 
somewhat  enclosed  body  of  water  is  about  90  miles  long  and  15  miles 
wide,  The  drainage  area  is  approximately  11  times  greater  than 
the  Sound  itself,  and  the  annual  volume  of  nutrient-rich  freshwater 
drainage  is  approximately  35%  of  the  volume  of  the  Sound  (see  Riley’s 
Physical  Oceanography  in  tnis  volume).  The  most  important  fea¬ 
ture  of  the  nontidal  circulation  in  the  Sound  is  a  two-layer  exchange; 
the  lighter  surface  water,  which  has  become  somewhat  deficient  in 
nutrients  as  a  result  of  phytoplankton  growth,  moves  eastward  out 
of  the  Sound  while  a  more  saline  bottom  current,  whose  nutrient-rich 
water  is  readily  made  available  for  photosynthesis,  flows  westward. 
Thus  two  mechanisms  are  responsible  for  the  high  concentrations 
of  nutrients,  the  extensive  freshwater  drainage  and  the  two-layer 
transport  exchange  just  described. 

During  the  midwinter  nutrient  maximum,  the  total  nutrients  under 
a  unit  column  of  water  in  the  Sound  are  about  the  same  as  those  in  the 
English  Channel  despite  the  fact  that  the  mean  depth  in  the  English 
Channel  is  70  m  compared  with  only  20  m  iu  the  Sound;  thus  the 


n  '.trionts/m5  in  the  Suuuu  are  about  3.5  times  greater  than  those  in 
the  Channel;  furthermore,  the  longer  the  water  column  the  less  efficient 
the  vertical  transport  of  nutrients  to  the  euphoric  zone.  It  is  not 
surprising,  then,  that  the  average  standing  crop  of  phytoplankton 
iii  the  Sound  is  four  times  that  in  the  Channel.  However,  the  zoo¬ 
plankton  populations  in  the  Channel  appear  to  be  only  slightly  smaller 
(ratio  of  3:4)  than  those  in  the  Sound.  Assuming  all  other  things 
equal,  this  implies  that  the  zooplankton  in  the  Channel  utilize  a 
much  larger  fraction  of  the  available  phytoplankton  than  do  those 
of  the  Sound.  The  portion  nf  phytoplankton  not  consumed  by 
zooplankton  is  available  to  other  groups  such  as  the  bacteria  in  the 
water  column  and  the  macro-,  meio-  and  microfauna  and  flora  found 
on  the  bottom  Since  the  water  column  in  the  Sound  is  much  shal¬ 
lower  on  an  average  than  that  of  the  Channel,  the  bacteria  in  the 
water  column  of  the  Sound  would  have  less  time  to  exploit  the  sinking 
phytoplankton  cells.  Thus,  relatively  Lugo  quantities  of  plankton 
are  probably  available  to  the  bottom  dwelling  organisms  of  Long 
Island  Sound  in  t  ontmst  to  those  in  the  English  Channel. 
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This  hypothesis  finds  support  in  the  results  of  the  present  investiga¬ 
tion  and  in  the  studies  of  Mare  (1942)  and  Holme  (1953).  Mare, 
using  a  1.0  mm  sieve,  obtained  2,356  animals/ma  in  the  Channel 
while  the  average  of  the  means  for  eight  stations  in  the  Sound,  using 
the  same  sieve  size,  was  16,446/m2;  thus  we  have  a  ratio  of  7  :  1. 
The  mean  total  dry  weight  given  by  Holme  for  the  Channel  was 
11.2  g/m2  while  the  figure  obtained  for  the  Sound  was  54.627  g/m!. 
If  one  considers  only  the  smaller  more  abundant  animals,  then 
the  value  for  the  Channel  would  be  4.0  g  and  that  for  the  Sound 
15.83  g/rn5.  Therefore  the  bottom  macrofauna  values  for  the  Sound 
appear  to  be  about  4-5  times  larger  than  those  for  the  English  Channel. 

LIFE  HISTORIES 

Xephthys  incisa.  Of  the  sampies  taken  in  this  study,  this  poly- 
chaete  constituted  a  large  fraction  of  the  biomass  in  the  softer. sedi¬ 
ments,  where  it  made  up  27.6,  31.7,  33.7,  34.6  and  39.1%  of  the  small 
animals  at  Sts.  2,  7,  5,  3  and  8.  On  the  harder  sediments,  where  it 
was  an  insignificant  member  of  the  population,  it  comprised  only 
2.0,  0.3  and  0.9%  of  the  biomass  at  Charles  Island  and  at  Sts.  4  and  1. 

The  dry  weights  of  this  animal  have  been  plotted  against  the  silt- 
clay  content  of  the  sediment,  and,  as  shown  in  Fig.  8,  X.  incisa  was 
either  absent  or  gave  quite  low  values.  At  higher  concentrations  of 
silt  and  clay  the  values  rose  rapidiy  to  a  maximum  at  about  26%. 
Thereafter  the  values  dropped  but  remained  relatively  high  until 
the  sediment  contained  about  70%  of  silt  and  clay,  Beyond  this 
point  the  values  diminished  sharply  but  never  reached  the  low  found 
in  the  hardest  sediments. 

Apparently  Xephthys  incisa  feeds  indiscriminately  in  much  the 
same  manner  as  an  earthworm.  In  many  samples  its  entire  gut  was 
full,  and  the  alimentary  canal  contained  the  sediment  in  which  the 
animal  lives.  The  interdigitating  processes  at  the  end  of  its  everted 
proboscis  are  better  adapted  for  taking  in  large  portions  of  sediment 
(much  as  an  earth-remover)  than  for  seizing  prey,  and  the  proboscis, 
when  inverted,  brings  the  sediment  to  the  beginning  cf  the  alimentary 
canal.  As  the  sediment  is  carried  backward  through  the  gut,  the 
organic  matter  is  probably  removed  and  utilized.  In  view  of  these 
observations,  together  with  the  fact  that  it  comprises  a  third  of  the 
biomass  in  soft,  highly  organic  sediments,  it  is  difficult  to  accept  the 
opinions  that  this  species  is  a  carnivore  (Smith,  1932;  Mare,  1942; 
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Figure  8.  Relationship  of  trio  mas*  to  sediment  composition  of  Xephlh’ji  incisa  (weight 

< rr r—\  r**. 

Biegvad,  It  is  much  more  reasonable  to  suppose  that  it  is  an 

ooze  feeder. 

Presumably  the  low  values  found  in  hard  sediments  (Fig.  8)  are 
due  to  the  low  organic  content  characteristic  of  such  substrates  and 
to  the  compactness  of  the  soil  which  offers  significant  resistance  to 
burrowing  animals.  With  an  increase  in  the  silt-clav  component, 
conditions  become  more  favorable  for  a  nonselective  deposit  feeder 
until  an  optimal  silt-clay  is  reached.  Thor.  beyond  tliis  point  the 
larger  content  of  organic  matter  reduces  the  mud  to  make  conditions 
less  favorable  for  aerobic  animals. 

Growth  rates  for  A’,  incisa  have  been  difficult  to  determine,  since 
the  large  spread  in  the  size  dimension  of  the  year-classes  gave  a  high 
degree  of  overlap.  In  the  first  sample,  taken  on  11  August  1953, 
two  year-classes  appear  to  be  adequately  represented,  the  newly’ 
metamorphosed  animals  and  the  one-year-olds;  the  average  animal2 

’Weight  of  the  animal  of  mean  length  among  animals  in  sample  of  a  given  year- 
class. 
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Figure  0.  Histograms  showing  size  distribution  cf  Kephihis  indsa.  Int-arpretnticra  of  the 
limits  of  the  year-ci&ssss  Is  Indicated  by  dotted  lines 


in  this  group  weighed  .000230  g.  The  sample  of  9  September  1953 
gave  adequate  numbers  of  only  the  zero  year-class,  with  the  average 
animal  weighing  .000350  g;  thus  there  were  new  recruits  added  to  the 
zero  year  class  after  the  11  August  sampling.  The  February  1954 
histogram  (Fig.  9),  a  composite  of  four  samples,  shows  that  the  zero 
year-class  at  this  time  weighed  ,000533  g  and  that  the  one-vear-olds 
weighed  .00803  g.  By  20  May  1954  the  zero  year-class  had  grown 
rapidly  to  .00240  g,  and  by  23  July  1954  representatives  of  the  newly 
spawned  year-class  were  present,  the  average  animal  in  this  latter 
group  weighing  .00032  g,  the  one-year-olds  .00350  g.  By  19  September 
1954,  the  one-year-old  class  doubled  its  weight  to  .00710  g  while  the 
weight  of  the  zero  year-group  remained  essentially  the  same  as  that 
in  the  23  July  sample,  probably  due  to  increased  recruitment.  The 
final  sample,  token  on  13  January  1955,  showed  that  the  rate  of 
increase  in  the  one-year-old  group  was  somewhat  reduced,  its  weight 
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being  .00770  g,  ana  that  the  zero  yeai-closs  had  grown  rapidly  and  wa a 
appreciably  heavier  (.000175  g)  than  the  corresponding  group  taken 
the  year  before  on  10  February  1954  (.000533  g).  However,  if  histo¬ 
grams  of  the  winter  samples  of  1954  and  1955  are  compared,  it  is 
apparent  that  the  smaller  sizes  of  the  zero  year-class  were  completely 
absent  in  the  January  1955  histogram.  This  implies  differential 
survival  between  animals  spawned  at  the  beginning  and  at  the  end 
of  the  1954  breeding  season;  it  is  quite  probable  that  the  mortality 
w;is  much  higher  among  those  that  were  spawned  later,  because  of 
the  two  1954  hurricanes. 


?E«C£riT  Sii.7  •  CLAY 

Fipire  10.  Kelarionihip  of  biomass  to  sediment  composition  of  CttleruHcUs  gouldii  {weight 
In  grams). 

A  fair  sample  of  the  two-year-old  class  was  also  found  in  the  Jan¬ 
uary’  1955  sample,  the  average  animal  weighing  .0385  g  (not  shown 
in  Fig.  9). 

Cistenoidcs  govldii.  The  trumpet  w’orm,  a  minor  form  at  Charles 
Island,  comprised  only  0.7%  of  the  population,  while  at  Sts.  8,  5,  3,  2 
and  7  it  formed  2.1.  2.7,  3.3,  4,3  and  11.1%  of  the  small  animals. 
It  was  never  encountered  at  St.  4,  and  at  St,  1  it  was  present  only  as 
a  trace  of  the  biomass,  constituting  less  than  0.1%  of  the  population. 

When  the  dry  weight  in  a  given  square  meter  was  plotted  against 
the  silt-clay  content  (see  Fig,  10).  it  was  evident  that  this  polychaete 
was  most  abundant  in  intermediate  sediments,  since  all  of  the  higher 
values  were  confined  to  the  10-00%  range  of  silts  and  clays. 

The  distribution  pattern  can  best  be  understood  in  terms  of  its  mode 
of  life,  which  is  probably  quite  similar  to  that  of  the  closely  related 
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European  amphictenid,  Peciinaria  korerd,  whose  life  history  ha3  been 
worked  out  by  Watson  (1927).  The  polyckaete  lives  bead  downward 
in  a  conical  sand  tube  which  is  open  at  both  ends  and  which  is  almost 
completely  buried,  only  the  smaller  end  projecting  out  of  the  sediment. 
Through  this  opening,  sand  and  faeces  are  discharged  by  muscular 
contraction  and  water  is  taken  in  for  respiration.  The  prominent 


LENGTH  IN  MM. 

Figure  11.  Histograms  shoving  size  distribution  of  Cii'.enoides  g cr'jlM.  Interpretation 
of  the  limits  of  the  year-classes  is  indicated  by  dotted  lines. 
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large  golden  combs  at  the  anterior  end  are  used  for  digging,  and  the 
tentacles  about  the  head  have  prehensile  tips  which  bring  sediment 
from  above  the  head  to  the  mouth;  in  time  the  cavity  created  by  the 
digging  causes  a  cave-in  of  additional  nutrient-rich  surface  sediments. 
After  extracting  the  organic,  matter,  the  animal  either  dischargee  the 
residual  sediment  at  the  surface  or  uses  the  sand  for  tube  building. 
Thus  the  amphictenids  are  deposit  feeders,  and  their  absence  from  the 
sterile  sandy  sediments  is  explained.  When  the  sill-clay  content 
becomes  high,  the  nature  of  the  sediment  is  such  that  the  coil  becomes 
sticky  or  clayey,  Presumably  fresh  sediments  do  not  drain  down 
from  the  surface,  since  ’■he  animal  excavates  from  below.  Ah  any 
rate,  in  such  a  sticky  substrate  this  mode  of  feeding  becomes  highly 
inefficient, 

The  growth  of  the  trumpet  worm,  as  in  the  case  of  certain  other 
forms,  was  difficult  to  evaluate.  Since  a  number  of  samples  had  to 
be  discarded  because  a  fair  fraction  of  the  smaller  forms  was  missed, 
the  division  of  the  histograms  into  year-classes  (Fig,  11)  must  once 
ag3in  be  subjective.  On  9  September  1953  a  sample  was  composed 
predominantly  of  the  zero  year-class  which  had  been  spawned  that 
summer,  and  the  average  animal  of  this  group  weighed  .000125  g. 
A  composite  sample  taken  during  February  1954  showed  that  the 
mean  individual  had  increased  in  weight  to  .00041  g,  the  one  year- 
group  at  that  date  weighing  .0045  g,  By  20  May  1954  both  year- 
classes  had  grown  rapidly  during  the  intervening  three  months;  the 
zero  year-group  had  tripled  its  weight  to  .0014  g  and  the  one  year-class 
had  more  than  doubled  its  weight  to  .0094  g;  representatives  of  the 
two  year-class,  with  a  weight  of  .02213  g,  were  taken  at  this  time  also, 
No  adequate  sample  was  obtained  again  until  13  January  1955; 
this  sample  consisted  almost  exclusively  of  the  new  year-class,  and 
the  average  animal  was  slightly  heavier  (.00072  g)  than  its  counter¬ 
part  of  February  1954  (.00045  g).  The  similarity  in  form  of  both 
winter  histograms  seems  to  support  the  above  interpretation  of  growth. 

The  Ampelisca  Complex.  The  most  important  amphipods  found 
in  this  survey  were  undoubtably  members  of  the  genus  Ampelisca. 
Reid  (1951),  who  has  pointed  out  the  difficult  taxonomic  problem 
in  dealing  with  this  genus,  observed  that  it  is  almost  impossible  to 
assign  an  individual  to  species  within  certain  species  complexes, 
No  single  animal  has  all  the  given  characteristics  of  the  species  and 
individuals  differ  among  populations  regardless  of  whether  the  col- 
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lections  are  from  widely  scattered  areas,  from  different  habitats 
in  the  same  area,  or  from  a  single  locality. 

Similar  difficulties  to  those  of  Reid  were  encountered  in  trying  to 
determine  the  specific  identity  of  amphipcds  of  this  genus  from  the 
Sound.  The  two  Ampelisca  forms  most  frequently  encountered 
fall  within  the  diadcma-spinipes-tenuicornis  complex  and  are  probably 
what  Holmes  (1903)  and  Kunkel  (1918)  have  referred  to  as  Ampelisca 
spinipes,  but  due  to  the  confusion  within  the  group,  it  was  decided 
to  leave  both  forms  undescribed  temporarily.  For  present  purposes 
they  are  separated  cn  the  basis  of  size  difference  and  habitat  preference 
and  are  tentatively  called  Ampelisca  A  and  Ampelisca  B,  hereafter 
referred  to  as  merely  A  and  B, 

A,  which  was  found  in  the  harder  sediments  of  the  Sound,  par¬ 
ticularly  at  Charles  Island  and  at  Sts.  1  and  4,  constituted  S.6,  5.2 
and  2.5%  of  the  small  animals  and  15.0,  29.1  and  2.8%  of  the  infauna 
respectively  at  these  same  stations.  When  the  sediment  contained 
30%  or  more  silt  and  clay,  A  was  replaced  by  B,  a  morphologically 
identical  though  significantly  smaller  form.  At  Sts.  8,  7,  3  and  2, 
B  made  up  4.1,  2.6,  0.5  and  0.8%  of  the  small  animals  and  only  slighlly 
greater  percentages  of  the  infauna:  4.6,  2.6,  0.6  and  0,1%.  The 
fact  that  there  is  no  significant  difference  in  si so  within  the  range  of 
vi ther  A  or  B  indicates  that  this  difference  is  probably  due  to  genetic 
rather  than  environmental  causes, 

Both  types,  with  essentially  the  same  life  cycle,  produce  two  genera¬ 
tions  a  year — a  short  summer  and  a  long  overwintering  generation; 
the  winter  population  of  both  forms  first  appeared  during  September 
and  October  1953. 

In  the  case  of  A  (Fig.  12)  the  young  were  2.0  mm  long  upon  becoming 
free  living,  and  at  this  time  the  average  individual  weighed  .000035  g. 
By  8  November  1953  the  average  animal  was  .00015  g;  by  20  December 
1953,  .0005  g;  by  19  April  1954,  .0013  g;  by  30  April  1954,  .0014  g; 
and  finally,  by  17  May  1954,  ,00162  g.  On  this  last  date  the  over¬ 
wintering  generation  was  ready  to  spawn.  During  June,  few  large 
individuals  were  found,  but  towards  the  end  of  that  month  great 
numbers  of  the  new  generation  were  evident.  These  grew  rapidly, 
and  by  20  August  1954  they  were  mature  and  weighed  .00055g.  Thus 
the  reproducing  adult  ol  the  summer  population  was  only  about 
one-third  as  heavy  as  the  adult  of  the  winter  stuck. 

The  cycle  in  B  was  less  clear.  During  October  1954  the  average 
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Figure  12.  Growth  (In  grams)  of  AmpeHsca  A  and  Ampe'iscc  B. 


individual  weighed  slightly  less  than  its  counterpart  in  A,  and  on  3 
February  1954  it  was  .000103  g,  or  loss  than  a  quarter  the  weight  of 
A  at  that  time  (Fig.  12).  This  slower  growth  rate  continued  so  that 
by  20  May  1954  the  animal  was  mature  and  weighed  .000362  g,  its 
weight  etill  being  less  than  a  quarter  of  the  weight  of  A  or.  the  cor¬ 
responding  date.  The  other  generation  of  B  (summer  generation) 
was  much  more  difficult-  to  follow  than  that  of  the  overwintering 
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generation.  The  summer  adult  was  much  smaller  than  the  winter 
adult  and  its  breeding  period  was  somewhat  extended;  hence  it  was 
difficult  at  times  to  separate  the  two  generations  of  B. 

While  both  forms  have  a  fairly  wide  though  nonoverlapping  dis¬ 
tribution  in  regard  to  sediment  type,  large  concentrations  of  these 
animals  were  found  in  a  narrow  sediment  range.  In  Fig.  13  the  dry 
weight  of  A  per  square  meter  is  plotted  against  the  silt-clay  content; 
location  and  time  have  been  omitted.  In  this  figure  it  is  evident 
that  the  points  fall  into  two  groups:  a  cluster  of  low  values  where 
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Wgore  13.  Relatlon.’hJp  of  biomass  to  sediraeat  composition  of  Ampellsca  A  (welgot  In 
grama). 


the  silt-clay  percentage  was  low  (<  9%)  and  another  cluster  of 
values  which  were  much  higher  and  which  increased  with  increasing 
percentages  of  silt  and  clay.  But  no  A  individuals  were  found  in 
sediments  containing  more  than  30%  of  silt  and  clay. 

These  observations  are  interpreted  in  the  following  manner,  Since 
members  of  the  genus  Ampelisca  are  filter-feeders  and  since  food 
is  taken  out  of  the  water  immediately  over  the  bottom,  the  food 
that  is  available  to  the  animal  is  directly  related  to  the  amount  of 
water  that  parses  over  the  animal.  Since  the  coarser  sediment 
reflects  more  pronounced  current  activity  than  the  silt-clay  sediment, 
primarily  because  few  of  the  finer  particles  (silt:,  and  clays)  have 
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settled  out,  it  is  not  surprising  that  the  species  with  the  larger  total 
biomass,  Ampdisca  A,  was  found  in  coarser  sediments.  However, 
extremely  coarse  sediments  are  unfavorable  because  the  extreme 
compactness  of  the  sediment  makes  burrowing  by  this  animal  difficult. 

For  B,  the  silt-clay  content  is  plotted  against  dry  weight  in  Fig.  14, 
but  here  the  results  are  not  as  evident  as  they  tvere  for  A.  However, 
it  is  clear  that  at  high  silt-clay  concentrations  the  biomass  of  this 
amphipod  is  small;  since  currents  over  sruch  sediments  are  probably 
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Figure  14.  Relationship  of  biomftwi  to  sediment  composition  of  Amprlisca  D  (weight  in 
grams). 


weak,  an  unfavorable  environment  is  afforded  filter-feeders.  In 
addition,  these  sediments,  being  highly  floccuient,  may  readily  clog 
the  filtering  apparatus,  and  finally,  in  highly  organic  sediments  the 
oxygen  content  below  the  surface  of  the  soil  can  be  severely  reduced, 
making  conditions  unfavorable  for  aerobic  organisms.  At  lower 
concentrations  of  silt  and  clay  the  biomass  increased,  presumably 
because  of  the  less  floccuient,  less  reduced  nature  of  the  sediment 
and  the  greater  velocity  of  the  bottom  current. 

During  this  study,  none  of  the  smaller  B  forms  were  found  in  sedi¬ 
ments  containing  less  than  35%  silt  and  clay,  and  none  of  the  larger  A 
forms  were  found  in  sediments  containing  more  than  30%.  The 
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lack  of  overlap  betvee  A  and  B  indicates  a  high  degree  of  competition 
between  these  similar  forms,  and  the  larger  dry  weight  measurements 
for  A  reflect  the  more  favorable  conditions  for  a  filter-feeder  on  coarser 


rather  than  on  finer  sediments.  Thus,  exclusion  of  the  larger  A  form 
from  the  finer  sediments  may  indicate  that  the  smaller  B  form  is 
more  efficient  in  filtering  the  smaller  food  particles. 

In  every  sample  that  contained  either  A  or  B.  females  always 
predominated;  usually  there  were  at  least  15  times  more  females  than 
males,  and  frequently  there  was  not  even  a  single  male.  Recently 
Barnard  (1954)  reported  that  he  seldom  found  the  adult  male  of 
species  of  Amptlisca  in  abundant  material  from  the  eastern  Pacific.8 
►Somewhat  earlier  Reid  (1951)  had  pointed  out  that  many  of  the 
females,  particularly  in  the  diademn-$piriip€s~knuicc-Tnis  complex, 
are  in  reality  intersexes.  According  to  him,  they  resemble  the  female 
morphologically  but  lack  the  brood  plates  or  ooategites  and  possess 
two  slight  protuberances,  the  copulatory  hooks  characteristic  of  the 
male,  near  the  midline  immediately  in  front  of  leg  7.  Undoubtedly 
earlie:  workers  were  completely  unaware  of  the  widespread  intersex 
phenomenon  in  this  group  and,  since  various  workers  probably  used 
gynomorphic  males  to  describe  the  female,  the  taxonomic  picture 
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So  far  as  is  known,  no  attempt  boa  been  made  to  determine  thp 
relative  proportion  of  intersex  to  female  in  nature.  Therefore, 
the  pertinent  characters  necessary  for  an  appraisal  cf  such  a  relation¬ 
ship  were  observed  on  100  adults  of  the  A  group,  taken  from  the 
Charles  Island  sample  of  30  April  1954.  Results  regarding  the 
presence  or  absence  of  setal  tufts  on  the  antennae  were  variable, 
although  in  most  cases  they  were  either  female  or  were  approaching 
the  female  condition.  The  character  of  the  third  uropod  was  in 
every  case  female.  Precisely  50%  of  the  animals  possessed  oostegites, 
and  in  every  case  these  same  animals  lacked  copulatory  hooks;  con¬ 
versely,  precisely  50%  possessed  copulatory  hooks  but  lacked  ooste¬ 
gites.  Thus  it  appears  that  females  and  gynomorphic  males  occur 
in  about  equal  numbers,  while  andromorphic  males  constitute  only 
a  mere  trace  of  the  population.  The  genetic  basis  for  this  peculiar 
ratio  is  difficult  to  postulate. 


f  A  iTudu  can  be  readily  distinguished  from  the  female  by  the  longer  first  antenna, 
the  presence  of  setal  tufte  on  both  the  luv.er  surfaces  of  the  peduncle  of  the  second 
antenna,  and  by  the  larger  spines  on  the  third  uropod. 
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Yoidia  limatula.  This  species  was  commonly  found  in  certain 
sediments,  primarily  at  Sts.  3,  2,  8  and  7  where  it  constituted  4.7, 
5.5,  9.7  and  19.3%  of  the  biomass  of  small  animals;  at  Charles  Island 
and  at  Sts.  4  and  5  it  was  entirely  absent,  and  at  St.  1  it  comprised 
only  1.1%  of  the  biomass. 

In  Fig.  15  the  dry  weight  values  are  plotted  against  silt-clay  content 
of  the  sediment;  here  again  location  and  time  are  omitted.  Y.  limatula 
is  either  excluded  from  the  coarser  sediments  altogether  or  is  present 
in  only  small  numbers,  and  dry-weight  values  remain  insignificant 
until  the  silt-clay  content  exceeds  30%,  after  vhich  abundance 
increavses  markedly,  with  maximal  values  being  reached  at  about 
40%  silt-clay.  At  still  higher  percentages  the  values  drop  off  signifi- 
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Figure  15.  Relationship  of  bSomasu  to  sediment  composition  of  Yoidia  limatula  (weight 
in  grams). 

cantly,  though  small  populations  are  found  in  sediments  with  an 
extremely  high  fraction  of  silts  and  clays  (>  70%). 

Drew  (1899)  has  shown  that  this  species,  in  common  with  other 
protobranchiate  molluscs,  feeds  by  means  of  palp  proboscides.  The 
animal,  when  feeding,  raises  the  posterior  third  of  its  body  above 
the  sediment  in  an  almost  perpendicular  position  and  then  extrudes 
the  palp  proboscides  so  that  at  least  one  is  inserted  into  the  sub¬ 
strate.  Thus  Y.  limatula  is  a  deposit-feeder  which  derives  its  food 
from  the  organic-rich  soil  beneath  the  surface  of  the  sediment. 

Its  feeding  habits  explain  in  large  measure  the  distribution  pattern 
shown  in  Fig,  15.  Its  absence  from  the  coarse  sediments  is  due  to 
its  inability  to  thrust  the  proboscides  into  the  hard  substrate,  and 
furthermore,  the  organic  content  of  such  sediments  is  low.  Also,  in 
its  exposed  feeding  position  the  animal  must  be  able  to  burrow  rapidly 
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into  the  bottom  .0  escape  its  enemies,  a  feat  which  is  difficult  to  per¬ 
form  in  the  coarser  substrates. 

Fig.  16  shows  the  size  composition  of  Y.  limatula  et  different  dates. 
There  appears  to  be  no  sharp  separation  between  year-classes,  hence 
interpretations  must,  be  subjective,  but  not  to  the  same  degree  as  in 
some  other  species.  The  dotted  lines  indicate  how  the  year-classes 
are  separated,  The  first  sample,  taken  in  early  August  1953.  in¬ 
dicated  two  modes:  the  one  year-group  with  an  average  individual 
weight  of  .0104  g  and  the  recently  spawned  zero  year-class  with  a 
weight  of  .0010  g.  By  9  September  1953  the  one  year-group  had 
increased  to  .0151  g,  the  zero  year-group  to  .00165  g.  A  composite 
sample  taken  in  February  1954  showed  weights  of  .00438  g  and  .0230  g 
for  the  zero  and  one  year-classes  respectively,  and  the  20  May  1954 
sample  showed  that  the  animals  had  grown  rapidly  enough  so  that 
the  zero  year-class  now  weighed  ,0098  g,  the  one  year-group  .0342  g. 
This  was  the  last  date  on  which  adequate  numbers  of  the  one  year- 
class  were  obtained.  On  23  July  1954  a  new  generation  with  an  aver¬ 
age  individual  weight  of  .00085  g  was  present,  and  the  mean  animal 
of  the  recent  zero  year-class,  now  the  one  year-group,  weighed  .01272  g. 
By  10  September  1954  the  new  generation  was  .00277  g,  while  indi¬ 
viduals  of  the  one  year-group  were  found  in  so  lew  members  that  no 
analysis  could  be  made.  Finally,  on  13  January  1955  a  large  sample 
that  gave  adequate  representation  of  both  classes  showed  that  the 
new  generation  weighed  .0059  g  and  the  older  class  .0255  g. 

Independent  evidence  from  growth  ring  measurements  tends  to 
support  this  growth  interpretation.  The  size  of  the  first  winter 
ring,4  measured  in  five  animais  from  the  9  September  1954  sample, 
varied  in  length  from  9.2  to  12.0  mm,  with  a  mean  of  10.48  mm.  This 
agrees  well  with  the  mean  winter  values,  9.40  and  10.59  mm,  found  for 
February  1954  and  January  1955.  Six  other  specimens  with  two 
winter  rings,  from  the  January’  1955  sample,  were  also  observed; 
the  length  range  of  the  first  ring  was  6. -5-1 1.0  mm,  with  a  mean  of 
9.25  mm,  while  the  variation  in  the  size  of  the  second  ring  was  16.0- 
20.5  mm,  with  a  mean  of  18.58  mm.  This  latter  mean  was  higher 
than  those  found  in  the  February  1954  sample  (15.5  mm)  and  in  the 
January  1955  sample  (16.9  mm).  However,  the  winter  ring  in  those 
later  samples  had  not  been  laid  down;  probably  there  was  still  a  3maii 
increment  in  growth  before  this  occurred. 

4  It  can  be  shown  from  the  size  distribution  data  that  the  ring  is  laid  down  early 
in  the  spring. 
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Figure  16.  Histograms  shoeing  idze  distribution  of  Yohiia  lim&Sula.  Interpr 
the  limits  o'  the  year-claswE  is  Indict  ted  by  dotted  Uni'S, 
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If  the  two  winter  histograms  (February  1954  and  January  1955) 
ir  Fig.  16  are  compared,  those  portions  that  represent  animal  less 
than  14  mm  in  length  arc  essentially  similar.  This  implies  that  those 
portions  represent  the  zero  year-class  at  about  the  same  stage  of 
growth  in  1954  and  in  1955.  However,  in  these  same  histograms 
the  proportion  of  zero-  to  one-year-olds  is  much  more  varied.  Since 
the  zero  year-class  was  only  slightly  larger  than  the  one  year-group 
in  January  1955,  it  seems  probable  that  there  was  a  poor  set  of  Y. 
limand-a  in  1954. 

Xucula  proximo,  This  is  a  ubiquitous  lamellibranch  of  the  softer 
sediments.  At  Sts.  7,  8,  3,  and  2  it  formed  12.5  19.1,  23.4  and  42.9% 
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Figure  17,  RclatlouahJp  of  biomass  to  sediment  composition  of  .Vveula  prorina  (weight 
It  grams). 

of  the  biomass  of  small  animals,  whereas  at  Charles  Island  and  at 
Sts.  4  and  5  it  constituted  a  mere  trace  with  less  than  0.1%,  Its 
restriction  to  the  softer  sediments  is  cieariy  illustrated  in  Fig.  17, 
where  a  sharp  break  is  apparent  at  a  silt-clay  content  of  about  33%. 
At  lower  silt-clay  concentrations  the  dry  weight  values  are  extremely 
small,  while  at  higher  concentrations  the  values  are  appreciably 
higher. 

This  species,  like  other  protobranchs  such  as  Y.  limatula,  possesses 
a  large  foot  which  is  specialized  for  burrowing  into  the  softer  sediments 
(Yonge,  1939),  Normally  this  small  lamellibranch,  which  lies  just 
beneath  the  surface,  makes  a  small  opening  to  the  surface  at  its 
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posterior  end  lor  the  discharge  of  faecai  pellets.  This  animal,  in 
common  with  Y.  limatula,  utilizes  palp  proboscides  in  feeding,  the 
tip?  of  which  collect  sediments  which  are  then  carried  by  means  of  a 
ciliated  groove  to  the  base  of  the  proboscis.  Moore  (1931 )  has  pointed 
out  that  X.  proxima  can  resist  anaerobic  conditions  for  a  certain 
period  of  time,  hence  the  somewhat  reduced  soils  of  high  organic 
content  which  characterize  high  concentrations  of  silt  and  clay  form 
a  satisfactory  source  of  food  that  can  be  exploited  by  such  a  deposit 
feeder.  Conversely,  hard  substrates  offer  meagre  nutrients  and 
constitute  an  unfavorable  medium  for  burrowing.  The  distribution 
of  X.  proxima,  as  shown  in  Fig.  17,  is  approximately  what  could  be 
postulated  from  its  life  history. 

It  was  extremely  difficult  to  determine  growth  rates  in  these  minute 
animals,  since  the  histograms  were  not  sufficiently  detailed  for  cither 
separation  of  year-classes  or  growth  indications  from  month  to  month. 
However,  for  five  English  species  of  this  genus,  Alien  (1953;  1954a) 
showed  precise  year-classes,  each  of  which  was  clearly  separated 
from  the  others.  His  samples  were  often  smaller  than  those  used 
in  the  present  study,  and  his  sampling  was  restricted  to  a  single  season 


of  the  year.  From  the  number  of  maxima  on  his  histograms,  he 
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years  old,  depending  on  the  species,  and  that  the  yearly  increment 
in  length  varied  only  from  0.94  to  1.01  mm,  regardless  of  species  or 


age. 

Since  the  histograms  in  the  present  study  did  not  indicate  the  year- 
classes  clearly,  ring  measurements  wrere  used  as  an  alternative.  In 
a  sample  taken  at  St.  2  on  23  July  1954,  10  animals  possessing  two 
rings  had  a  mean  length  of  2.37  mm  and  a  weight  of  ,00027  g,  47  with 
three  rings  had  a  mean  length  of  2,94  mm  and  a  weight  of  .00069  g, 
and  S  individuals  with  four  rings  had  a  mean  length  of  3.51  mm  and  a 
weight  of  .00106  g.  A  sample  from  St.  7,  taken  on  January  13,  1955, 
gave  a  mean  length  of  2.4  mm  for  14  animals  with  two  rings  and  of 
2.98  mm  for  43  animals  having  three  rings,  this  last  length  being 
equivalent  to  .00071  g,  It  is  doubtful  whether  the  above  measure¬ 
ments  give  a  precise  picture  of  growth  in  N.  proxima,  Nonetheless, 
this  information  may  be  utilized  in  gaining  some  concept  of  the  general 
order  of  growth  in  this  animal. 


Pandora  gouldiana.  This  lamellibranch  was  found  during  the 
survey  at  one  time  or  another  at  all  eight  stations,  At  seven  stations 
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it  formed  only  a  minor  part  of  the  population,  ranging  from  less  than 
0.1  to  2.19c  of  the  biomass  of  small  animals,  but  at  Charles  Island  it 
comprised  14.0%  of  the  population.  If  the  samples  of  17  August  and 
23  October  1953  at  Charles  Island  are  disregarded,  since  the  samples 
on  those  dates  contained  a  much  higher  percentage  of  silt  and  clay, 
then  P,  nouldiana  wouid  make  up  19,0%  of  that  station’s  biomass. 
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Figure  18.  Relationship  of  biomass  to  sediment  composition  of  Pandora  govldiav.a  (weight 
in  grams). 


In  Fig.  18  the  dry  weights  are  plotted  against  silt-clay  as  well  as 
gravel  content,  and  it  is  seen  that  all  of  the  high  values  are  crowded 
into  that  corner  of  the  graph  where  percentages  for  both  of  these 
fractions  are  low.  Charles  Island  was  the  only  station  in  the  survey 
that  contained  such  a  sediment  composition, 

The  fact  that  this  lamellibraneh  is  a  suspension  feeder  may  help 
to  explain  its  distribution  pattern,  Like  the  Ampeltica  forms,  the 
food  available  to  the  animal  is  directly  related  to  the  amount  of  water 
that  passes  over  it  in  a  given  period  ot  time,  and  since  coarser  sedi- 
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merits  reflect  greater  current  activity,  it  is  not  surprising  that  the 
silty  sediments  appear  unfavorable  for  P.  gouldiana.  Its  exclusion 
from  the  gravelly  sediments,  however,  is  more  difficult  to  explain. 
Jf  we  note  the  sudden  sharp  break,  from  high  to  low  values  along  the 
ordinate  axis,  we  discover  that  a  small  increase  in  the  percentage  of 
gravelly  sand  can  convert  the  sediment  from  a  favorable  to  a  highly 
unfavorable  environment. 

This  laraellibranch  draws  in  a  stieam  of  water  through  a  relatively 
short  siphon  from  which  it  filters  its  food.  In  a  recent  paper,  Allen 
(1954b)  showed  in  the  case  of  two  European  species,  P.  inarov.ivalis  and 
P.  pinna,  both  flat  and  thin,  that  they  lie  on  their  side  in  life  and  that 
they  extend  their  siphons  at  an  angle  to  the  surface  rather  than  verti¬ 
cally.  If  the  sediment  contains  a  large  fraction  of  pebbles  and  stor.es,  it 
may  be  impassible  for  P.  gouldiana  to  raise  its  siphon  above  these 
obstacles  to  the  food-laden  currents  that  flow  over  it.  Such  a  hypo¬ 
thesis  offers  a  possible  explanation  for  its  distribution. 

There  is  some  indication  that  growth  rates  varied  in  different 
sediments,  but  large  samples  of  adults  were  obtained  at  w  ly  Charles 
Island.  The  first  sample  containing  adequate  numbers  was  taken  on 
23  October  1953,  ana  among  those  individuals  that  possessed  no  winter 
ring,  the  average  auluiul  weighed  .0C1G2  g.  No  further  growth  ms® 
noted  until  early  spring;  by  30  April  1954  this  animal  weighed  only 
.0020  g,  but  from  that  date  onward  tbe  increase  in  weight  was  rapid: 
.0045  g  on  20  June  ;  .0100  g  on  20  August ;  and  .0210  g  on  30  November. 
Growth  beyond  the  second  fall  had  to  be  extrapolated  from  growth 
ring  measurements  obtained  from  the  large  sample  of  20  August  1954. 
The  average  zero-year  ring  size  corresponded  to  a  weight  of  .0030  g, 
which  implies  that  the  so-called  winter  ring  was  actually  laid  down 
in  early  spring,  The  mean-length  first-year  ring  corresponded  to  a 
weight  of  .0240  g,  and  a  year  later  (20  August  1955)  the  weight  had 
doubled  and  the  average-length  animal  weighed  ,0487  g.  Too  few- 
older  animab  were  found  to  give  valid  results. 

Apparently  there  was  a  poor  set  of  thus  species  during  the  summer 
of  1954,  since  few  zero-year  animals  were  found  In  this  it  agrees 
with  Y.  limaiula  and  *V,  inciea,  Perhaps  all  invertebrates  having 
planktotrophic  larval  stages  during  the  late  summer  and  early  fall 
suffered  similarly  from  hurricanes  “Caroi”  and  “Edna”  which  hit 
New  England  on  August  31  and  September  11. 
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Macoma  tenia.  Extensive  sampling  reveals  that  this  species  has 
a  somewhat  uneven  distribution  in  the  Sound;  even  at  the  locations 
where  this  lamellibranch  was  present,  quantitative  values  fluctuated 
widely  from  sample  to  sample.  Unfortunately,  Fig.  19,  with  only  a 
single  significant  value  shown  (Charles  Island,  23  October  1953), 
does  not  give  a  clear  picture  ot  the  distribution  of  M .  tenia.  At 
Charles  Island  and  at  Sts.  1,  8.  7  and  4,  it  averaged  on  a  yearly  basis 
12.7,  1.2,  0.8,  0.5  and  0.1 9c  of  the  small  infauna,  and  at  Sts.  2,  3 
and  5  it  was  absent  from  all  samples. 

This  species  is  a  deposit-feeder,  but  unlike  V.  iimalula  or  N.  proxima, 
it  feeds  pa  the  surface.  The  siphons,  long  and  extremely  mobile, 
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Figure  10.  Relationship  of  bloma&s  to  sediment  composition  of  Macoma  tenia  (-weight 
In  grams;. 

are  separate,  and  the  inhalent  siphon  moves  over  the  surface  to  draw 
in  food.  As  a  result  of  its  narrow  lumen,  the  inflow  current  is  small 
but  powerful  (Yonge.  1949).  By  this  suction  device  it  can  actually 
tear  bottom  diatoms  from  the  substrate. 

In  Long  Island  Sound  this  lamellibranch  feeds  on  settled  detritus, 
and  the  availability  of  this  food  probably  determines  its  distribution. 
In  sediments  of  low  silt-clay  content  where  there  is  little  net  deposition 
of  food  and  in  those  of  high  silt-clay  content  where  there  is  reduced 
oxygen  and  flocculence,  M  tenia  probably  finds  the  environment 
unfavorable.  From  the  limited  data  that  are  available,  it  appears 
that  this  species  is  found  primarily  in  sediments  having  a  silt-clay 
content  of  15-35%.  Since  few  samples  were  taken  from  substrates 
of  this  type,  more  adequate  sampling  will  be  necessary  to  determine 
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whether  or  not  this  species  is  an  important  constituent  of  the  popu¬ 
lations  that  inhabit  these  sediments. 

Lyonsia  hyalina.  This  is  a  moderately  common  lamellibranch 
in  some  of  the  sediments.  At  Charles  Island  and  at  Sts.  5.  1,  4,  8  and 
7  it  comprised  10.4,  3.2,  2.8,  1.6,  1.3  and  0.4%  of  the  biomass  of  the 
small  animals.  At  St.  2  it  was  absent  and  at  St.  3  it  comprised  less 
than  0.1%  of  the  population.  From  Fig,  20  it  is  obvious  that  this 
species  was  found  primarily  in  the  harder  substrata  and  that  it  was 
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Figure  20.  Relationship  of  biomass  to  sediment  composition  of  Lyonsia  hyalina  (weight 
In  grams), 

largely  absent  from  those  sediments  having  a  silt-clay  content  greater 
than  50%.  The  distribution  pattern  is  in  essential  agreement  with 
the  suspension  feeding  habit-  ol  this  animal.  L.  hyalina’ a  thin  and 
extremely  delicate  shell  is  an  unexpected  feature  in  a  lamellibranch 
that  inhabits  a  hard  substrate,  but,  once  buried,  it  is  probably  seden¬ 
tary  (Yonge,  1952) — a  fact  which  largely  eliminates  the  abrasive 
action  of  sand  granules  on  the  shell.  In  addition,  further  protection 
is  afforded  by  the  sand  particles  which  adhere  to  the  periostracum. 

Mulinia  lateralis.  .Although  this  diminutive  lamellibranch  has  a 
wide  distribution  in  the  Sound,  over  much  of  its  range  it  makes  only 
an  insignificant  contribution  to  the  biomass.  Even  at  those  stations 
where  it  was  common,  its  abundance  varied  widely  from  date  to  dale. 
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At  Charles  Island  and  at  Sts.  8,  7,  1,  5  and  3  it  constituted  10. 0.  2.4, 
1.2,  0.7,  0.4  and  0.2%  of  the  small  animals,  and  at  Sts.  2  and  4  it 
formed  hardly  a  trace  of  the  population,  comprising  less  than  0.1%. 
However,  it  was  occasionally  encountered  in  great  quantity,  as  at 
Charles  Island  on  17  August  1953,  when  it  had  a  value  of  36.10  g/m2. 
In  Fig.  21,  dry  weight  values  of  this  animal  are  plotted  against 
silt-clay  content;  at  low  silt-clay  percentages  these  values  are  variable 
though  generally  low,  whereas  at  silt-clay  concentrations  of  about 
20%  the  values  rise  sharply.  Note  that  all  major  dry  weight  values 
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are  confined  within  the  20-40%  range.  At  concentrations  greater 
than  40%;,  it  is  either  absent  or  its  biomass  is  extremely  low. 

Like  many  other  latnellibranchs,  M.  lateralis  is  a  filter-feeder.  In 
gravelly  sediments,,  as  at  Sts.  1  and  4,  this  minute  clam  would  en¬ 
counter  difficulty  in  raising  its  siphon  above  large  particles  to  the 
unobstructed  current,  and  in  sediments  with  high  silt-clay  concentra¬ 
tions  the  velocity  of  the  current  flowing  over  it  would  be  much  reduced. 
In  addition,  the  high  organic  content  of  such  soils  absorbs  oxygen 
and  thus  creates  an  even  more  unfavorable  environment,  It  seem3 
logical,  then,  to  assume  that  optimal  conditions  for  M.  lateralis  would 
be  found  in  sediments  with  intermediate  concentrations  of  silt  and 
clav,  an  assumption  which  is  in  agreement  with  the  picture  given  in 
Fig.  21. 
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PRODUCTIVITY1 

Thus  far  in  this  paper,  terms  with  static  connotations,  such  as 
"standing  crop"  or  "biomass,”  have  been  employed  while  the  word 
"productivity”  has  been  avoided  purposely.  However,  use  of  the 
term  standing  crop  as  a  basis  for  comparing  the  productivity  of 
various  regions  can  be  quite  misleading,  hence  it  is  essential  to  appraise 
briefly  the  connotation  of  productivity.  Thorson  (1936)  has  shown 
for  northeast  Greenland  seas  that  the  bottom  fauna  is  characterized 
by  animals  that  live  long,  grow  slowly  and  mature  late,  features 
which  probably  obtain  in  all  polar  seas.  By  contrast,  many  of  the 
animals  in  warmer  seas  live  briefly,  mature  early,  and  grow  rapidly. 
In  comparing  an  arctic  community  with  a  temperate  community 
of  the  same  size,  it  is  apparent  that,  in  a  given  time,  the  latter  com¬ 
munity  wili  produce  more  organic  matter  and  provide  more  food 
for  the  rest  of  the  biological  association.  But,  whether  we  compare 
regions  or  study  the  dynamics  of  a  particular  community,  a  clear 
insight  into  the  problem  of  productivity  requires  an  estimate  of  the 
organic  matter  produced  by  a  species  or  community  in  the  course  of 
a  year  as  well  as  a  measure  of  the  standing  crop.  Such  an  estimate 
therefore  requires  a  knowledge  of  growth,  mortality,  and  recruitment, 
hence  it  is  more  difficult  to  obtain  than  a  simple  measure  of  the 
standing  crop.  Such  estimates  will  be  developed  for  the  present 
survey  insofar  as  data  permit,  and  it  is  to  this  aspect  of  the  work 
that  the  term  "productivity”  is  restricted. 

To  dare,  Jensen  <T919)  is  the  only  investigator  who  has  attempted 
to  study  benthic  community  from  the  point  of  view  just  discussed. 
Jensen,  with  data  gathered  each  spring  and  fall  from  1909-1917  in 
Thisted  Bredning,  one  of  the  shallow  enclosed  bays  of  the  Limfjord, 
developed  his  work  on  the  basis  of  the  following  definitions: 

Stock:  quantity  of  individual  species,  expressed  in  wet  weight/m8. 

Rest  stock;  amount  of  stock  left  in  the  following  spring. 

Consumption:  quantity  of  individual  species  eaten  during  the 

year,  calculated  from  one  series  of  spring  samples  to  the  next. 

Growth  increment:  increment  of  the  stock  (in  wet  weight)  during 
one  year  to  the  death  ol  the  individual  specimens 

•Although  there  is  considerable  literature  on  the  productivity  theory  ;Lindeman, 
1942;  Riley,  e!  at.,  1949:  Park,  ft  a!.,  19465),  none  of  these  has  a  practical  bearing  on 
the  present  investigation. 
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i.e. ,  growth  increment  = 


consumption  4-  rest  stock 
stock 


,  \ 


Upgrowth:  weight  of  0-group/m2  (i.e,,  upgrowth  =  recruitment). 
Animal  production  =  sum  of  growth  increment  -j-  upgrowth. 


If  Jensen  found  that  a  given  species  had  more  than  one  year- 
class,  then  each  year-class  was  treated  separately.  For  1910-1915, 
Jensen  obtained  yearly  productivity  values  that  ranged  from  1.00- 
3.23  times  the  values  of  the  standing  crop. 

The  primary  difficulty  with  his  procedure  lies  in  the  manner  of 
computing  comsuroption,  which,  by  Jensen’s  definition,  indicates 
that  the  mean  mortality  of  an  individual  species  during  the  time 
interval  of  one  year  would  occur  precisely  at  the  end  of  six  months; 
furthermore,  this  mean  mortality  would  have  both  the  mean  length 
and  mean  weight  of  all  animals  that  die  during  this  interval  of  time. 
If  we  assume  that  predation  is  occurring  at  a  constant  rate,  then  a 
constant  fraction  of  a  continuously  diminishing  population  is  dying 
so  that  the  mean  mortality  must  occur  well  before  the  end  of  the  six- 
month  period.  Since  in  most  organisms  the  weight  is  proportional 
to  the  cube  of  the  length,  the  mortality  of  mean  woieht  must  occur 
somewhat  later  than  the  mortality  of  mean  length,  If  a  long  interval 
of  time  is  measured,  as  in  Jensen’s  work,  then  large  errors  are  intro¬ 
duced  and  the  results  obtained  are  obviously  too  high. 

In  the  present  study  a  different  approach  has  been  attempted. 
All  samples  of  a  given  species  at  a  given  station  were  divided  into 
year-classes  on  the  basis  of  growth  histograms  shown  in  the  previous 
section.  In  the  case  of  certain  molluscs,  growth  rings  were  also  used. 
For  each  year-class,  the  mean  individual  weight  was  determined  by 
dividing  the  total  weight  of  the  year-class  by  the  number  of  individuals 
in  it. 

Fig.  22  shows  two  separate  curves,  one  being  the  log  of  the  mean 
individual  weight,  the  other  that  of  the  mean  number  plotted  against 
age,  the  ages  having  been  determined  from  year-classes.  At  three- 
month  intervals  the  mean  weight  of  the  individual  and  the  number 
of  individuals  at  that  weight  were  determined.  The  number  of 
animals  present  at  a  given  interval  (A'a+i)  w-ere  subtracted  from  the 
number  present  at  the  previous  interval  (A’a)  to  obtain  the  number 
that  had  died  in  the  intervening  time  (.V0  —  Ara+r.  The  average 
weight  of  the  individual  during  the  intervening  period  of  time  was 
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obtained  by  adding  the  mean  individual  weight  at  the  beginning 
(Wa)  and  at  the  end  of  the  interval  (Fi+0  and  dividing  by  two 


W„  +  Wa+l 


This  value  was  then  multiplied  by  the  number  of 


animals  that  had  died  during  the  interval.  The  resultant  figure 
represents  the .  mortality  by  weight  that  had  occurred  during  thp 
f  __  \  (lVa  -f  JF«+i)"| 


intervening  period  !^(  Va  —  A«»i) 


The  same  proce¬ 


dure  was  used  for  ail  of  the  three-month  intervals.  Summation  of 
these  figures  gave  the  mortality  by  weight  that  occurred  during  the 


year. 

The  amount  of  organic  matter  produced  by  a  species  in  the  course 
of  the  year  was  obtained  by  adding  the  figures  for  mortality  to 
those  of  the  terminal  population  weight  [(TF„)  •  (Ar«)].  This  latter 
value  actually  contributes  to  the  total  mortality  figure  of  the  following 
year,  but  undei  steady-state  conditions  this  may  be  assumed  equal 
to  that  received  under  similar  conditions  from  the  previous  year. 
The  sum  of  both  uf  these  figures  is  the  productivity  of  the  species. 

Calculations  for  the  polychaete  Nevhlhys  incisa,  given  in  Table  VI, 
show  productivity  to  be  2.16  times  more  than  the  standing  crop, 
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TABLE  VI.  Pboouctivitt  Deteewlsation 

i.v  Nf.phthye  inci.ia 

0  year-rloa 

1  ycar-rlosi  S  ytar-dms 

Date 

Wt.  No. 

Wt. 

No.  in, 

No. 

8/1/53 

.3119  1254.53 

.1267 

33.29  .  7344 

19,99 

2/3/54 

.7210  1159.38 

1.5892 

•71.84  .4333 

12.31 

5/20/54 

2.0169  666.29 

4.0950 

143.03  2.9413 

47.65 

3.0495  3080.20 

5.8109 

348.16  4,1090 

79.95 

M  sample  wt. 

= 

1.0165 

1 

,9389  1 

.3697 

M  No./sample 

a 

1026,73 

116 

.05  26. 

65 

M  wt./Lndividr.aJ 

S3 

.00099 

,01669 

,05135 

3/  standing  crop 

= 

4.3231  g/'m1 

YfAr- 

.  bent  A 

class 

Wt.'indiv. 

0V) 

A’o.  (A') 

XT  \r  It  a  +  TV.+l 

TV  8  iV  fl-fl 

2 

Mortal. 

0  Aug. 

.0001320 

234S.4 

828.40 

.0002700 

.2237 

N  ov. 

.0004074 

1516.2 

581.40 

.0008597 

.4968 

Feb. 

.001312 

934.8 

387.98 

.002281 

.3850 

May 

.003250 

546.82 

229.22 

.004921 

1.1280 

1  Aug. 

.006592 

317.60 

123.90 

009226 

1.1430 

Nov. 

.01186 

193.65 

73.19 

014R6 

1.0870 

Feb. 

.01787 

120.10 

44.84 

.02109 

.9457 

\T  av 
- ¥ 

.02132 

»  rt  f\ 

<  J  .  0^ 

25.05 

.02797 

.8014 

2  Aug. 

.03162 

50.01 

15.66 

.03618 

.5664 

Nov. 

.04074 

34.35 

9.04 

.04  590 

.4149 

Feb. 

.05105 

25,31 

5.24 

.05551 

.2909 

May 

.05997 

20.06 

4.33 

.06426 

.2782 

Aug. 

.05855 

15.73 

— 

— 

— 

Total  =■ 

8.2652 

Mortality  (wt.)/vr.  =  8,2652  g/m*. 

Terminal  population  wt.  =  1 .0783  g  mJ. 

Total  productivity /vr.  =  9.345  g'ms. 

Total  productivity 

- — -  -  =>2.16. 

standing  crop 

Adequate  data  for  similar  computations  were  available  for  only  a 
few  species  that  live  more  than  a  single  year,  and  results  of  those 
computations  are  given  in  Table  VII. 

Similar  calculations  were  attempted  for  the  short-lived  amphipod, 
Ampelisca  A.  In  this  case  the  ratio  of  productivity  to  standing  crop 
was  9.2  for  the  summer  generation  and  3.0  for  the  winter  generation, 
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but  little  confidence  can  be  placed  in  these  results,  for  the  sampling 
intervals  were  not  adequate  for  valid  mortality  and  growth  deter¬ 
minations.  Added  to  this  was  the  difficulty  of  delineating  the  summer 
population,  since  this  group  was  hatched  over  a  period  of  a  few  weeks. 
Therefore  it  seemed  preferable  to  obtain  an  approximation  for  short¬ 
lived  species  rather  than  use  the  above  questionable  values.  Since 
AmpelUca  produces  two  generations  a  year,  and  since  no  individual 
lives  more  than  a  year,  it  is  expected  that  the  relationship  of  pro¬ 
ductivity  to  standing  crop  is  at  least  twice  that  obtained  for  species 
with  annual  year-classes.  A  reasonable  estimate  of  the  productivity¬ 
standing  crop  ratio  might  be  about  5,  possibly  more. 

Only  the  most  important  species  provided  sufficient  data  for  analysis, 
but  their  dominance  accounted  for  a  fairly  large  percentage  of  the 
total  biomass  of  bottom  fauna.  Of  the  email  infauna,  Nephthys, 


TABLE  VII.  Confutation*  Results  rem  Four  Long-Lited  Species 


M  stand. 

Term.  pop. 

Mortal,  /year 

Product.  _ 

Product. 

Species 

crop 

ui  in  g 

in  g 

in  g  Av.  stand,  crop 

Nephthys  incisa 

4.3231 

1.0783 

8.2652 

9.343b 

2.16 

Cistenoides  gouldii 

C.S753 

.0308 

1 . 6807 

1 . 70*15 

1  94 

Pandora  gouldiana 

3.0503 

.0860 

6  0468 

6. 1332 

1  99 

Yoldia  limniuja 

1 . 10C7 

n.-v.;n 

3 . 0073 

3 . 2095 

2.28 

Yoldia  and  Ci3tenoides  constituted  32.0,  6  6,  and  6.7%  at  St.  2;  37.6, 
4.7,  and  3  3%  at  St.  3;  32.6,  0.0,  and  2,4%  at  St.  5;  31.8,  19.3,  and 
11.3%  at  St.  7;  and  39.4,  10.0,  and  2.0%  at  St.  8.  At  Charles  Island, 
Pandora  made  up  21.5%  of  the  biomass.  Together  these  four  species 
comprised  25.0%  of  the  standing  crop  at  Charles  Island,  9.8%  at 
St.  1,  1.0%  at  St.  4,  35.1%  at  St.  5,  45.3%  at  St.  2,  45.7%  at  St.  3, 
51.8%  at  St.  S,  and  62.8%  at  St.  7.  In  all  of  these  long-lived  species, 
the  productivity  value  was  about  2.1  times  that  of  the  standing  crop, 
hence  it  would  seem  that  application  of  the  same  ratio  to  the  remaining 
long-lived  fraction  of  the  biomass  would  introduce  no  serious  error. 
This  is  particularly  true  of  Sts.  2,  3,  7  and  8. 

Since  the  ratio  of  productivity  to  standing  crop  in  the  short-lived 
Ampelisca  was  approximately  5,  this  ratio  can  be  applied  similarly 
to  other  short-lived  infaunal  species  which  produced  two  generations 
a  year.  Species  that  fall  in  this  category  are  the  amphipods,  L-epio- 
cheirus  pinguis,  Unciola  irrorala ,  Siphonaeceics  smithianus ,  and  various 
species  of  Corophium.  At  Charles  Island  and  at  Sts.  1,  4,  5,  7,  8,  2  and 
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3,  this  short-lived  component  of  the  standing  crop  constitutes  17.2, 
34.5,  17.0,  12.7,  3.2,  4.8,  2.6  and  1.9%  respectively.  The  long-lived 
forms  comprise  the  remaining  percentages. 

Productivity  of  the  infauna  has  been  determined  by  using  the 
values  2.1  for  long-lived  and  5  for  short-lived  animals,  and  these 
results  are  tabulated  in  Table  VIJ  I.  Total  productivity  varied  from 
71.64  g/m!  at  Charles  Island  to  8.84  g  at  St.  2,  and  the  average  of  the 
means  of  all  eight  stations  was  29.60  g.  The  ratio  by  weight  of 
total  productivity  to  standing  crop  ranged  from  2.17—3  10,  with  a  mean 

TABLE  VIII.  To-tal  Productivitt  of  Ivfau.va  of  Less  Tran  0.2  g 
^Long-lit  id  components  -Short-lied  component-. 


M  jfand. 

Stand. 

Stand. 

Total 

Product. 

suurm 

Crop 

crap 

Product. 

crap 

Product. 

product. 

Stand,  crop 

Charles  Is.  27.576 

22 . 84  .2.1 

47.936 

4.735.5.0 

23.675 

7 1  541 

2.60 

i 

3.930 

2.576 

5.410 

1.354 

6.770 

12  .  ISO 

3.10 

4 

25.637 

21.289 

44.707 

4.34S 

21.740 

00.447 

2.59 

5 

9.172 

8.006 

16.813 

1.166 

5.830 

22 .643 

2.47 

8 

10.188 

0.695 

20.360 

0.493 

2  465 

22.S25 

2.24 

7 

10.043 

9.600 

20.349 

0.333 

1,705 

22 . 114 

2.20 

2 

4.034 

3.959 

8.314 

0.105 

0.525 

8.833 

2.17 

3 

4.694 

4.305 

9.071 

0.069 

0.445 

10.116 

2.17 

Li 

=  23.601 

2.44 

value  of  2.44  (see  Table  VIII).  Although  no  survey  of  the  sediment 
composition  of  Long  Island  Sound  has  been  undertaken,  most  of  the 
substrate  appears  to  be  made  up  of  fine  particles.  If  we  assume  that 
80%  is  fine  sediment  and  20%  coarse,  the  total  productivity  of  the 
small  infauna  in  the  Sound  is: 

63.894  [{Tf  of  Sts.  2,  3,  7,  8}  X  4]  +  43,228  [(A?  of  Chas.  I.,  Sts.  1, 
4,  5)  X  I]  4-  5  =  21.424  g/m2. 

The  inadequacy  of  the  basic  data  does  not  warrant  an  estimation 
of  productivity  values  for  the  epifauna  and  total  population.  How¬ 
ever,  the  mere  fact  that  these  animals  make  up  the  larger,  slower 
growing  forms  makes  the  difference  between  productivity  and  standing 
crop  less  important. 

THE  COMMUNITY 

Level-Bottom  Animal  Communities  of  Long  Island  Sound,  In 
studying  an  entirely  new  area,  an  investigator  with  limited  time  and 
facilities  is  faced  with  the  choice  of  extending  his  investigation  over 
a  wide  range  of  stations  or  confining  his  attention  to  a  relatively 
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few  stations.  The  second  alternative,  which  permitted  intensive 
study  of  a  limited  area,  seemed  to  offer  a  more  fruitful  approach  in  this 
instance.  However,  since  so  few  localities  were  sampled,  it  was 
difficult  to  describe  and  name  the  level-bottom  communities  after  the 
manner  of  Petersen  (1913).  Although  Petersen’s  nomenclature  is  not 
the  only  source  for  defining  a  community,  it  was  adopted  nonetheless 
because  of  its  wide  use  in  marine  benthic  studies. 

At  St.  4,  where  the  depth  of  water  is  greater  than  that  at  most 
stations,  the  hard-bottom  association  showed  such  characteristic 
animals  as  the  lamellibranchs,  Ast-arte  und-ulata  and  Cerasloderma 
pinnulatum,  and  the  amphipods,  Leptocheirus  pinguis  and  Ampelisca 
A.  On  the  other  hand,  most  of  the  Charles  Island  samples  indicated 
a  shallow  water  association  characterized  by  the  bivalve  Pandora 
gouldiana  and  Ampelisca  A.  Although  these  may  represent  com¬ 
munities,  it  is  not.  feasible  to  describe  them  on  evidence  from  only  an 
isolated  locality. 

Nonetheless,  one  community  did  appear  to  be  represented  ade¬ 
quately  enough  to  be  described.  This  was  the  association  of  animals 
in  the  softer  sediments  which  can  be  characterized  by  the  infauna 
found  at  Sts.  2,  3,  7  and  8;  possibly  St.  5  can  be  included  also,  since 
it  may  be  a  transitional  area.  In  this  association,  which  probably 
represents  the  typical  soft  bottom  community  of  the  Sound,  the  bio¬ 
mass  was  completely  dominated  by  four  species  which  together 
comprised  slightly  over  75%  of  the  standing  crop.  The  most  im¬ 
portant  species  by  weight  was  the  polychacte  Nephthys  incisa,  which 
made  up  35.2%  of  the  population  and  was  present  in  95%.  of  the 
samples  taken  at  Sts.  2,  3,  7  and  8,  Nucula  proxima,  the  next  most 
important  member,  was  represented  in  every  sample  and  composed 
24.4%  of  the  community  by  weight.  Another  lamellibranch,  Yoldia 
limatula,  constituted  10.2%  of  the  biomass  and  was  found  in  87.5% 
of  the  samples,  and  Cistenoidcs  gouldii  was  present  87.5%  of  the  time 
and  made  up  5.8%  of  the  standing  crop.  Some  of  the  animals  that 
comprised  the  remaining  25%  of  the  biomass  were:  the  sea  anemone 
Cerianthus  americanus:  the  nemertian  Ccrebratulus  luridus;  the 
polvchaetes  Melinna  cristala,  Ninoe  nigripes,  Lnmbrinereis  tenuis  and 
Prazillella  praetermissa;  the  amphipods  Leptorheirus  pinguis  and 
Siphonaecetes  smiihianus;  the  lamellibranchs  Lycnsia  hyalina.  Macoma 
tenta,  Mulinia  lateralis  and  Pilar  morrhuana;  and  the  gastropod 
Lunaiia  triseriata ,  Retusa  caniculatum  and  Cylichna  alba. 
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It  is  convenient  to  classify  communities  by  combining  the  names 
of  two  of  the  characteristic  species,  in  which  case  these  species  should 
be  numerous  and  should  belong  to  different  major  groups.  In  the 
community  under  discussion,  this  limited  the  characterizing  species 
to  the  four  dominants  and  hence  confined  the  choice  to  one  of  the 
two  polychaetes  (X,  incisa  or  C.  gouldii)  and  to  one  of  the  lamelli- 
branchs  (Ah  proximo,  or  Y.  limatuia).  Since  the  characterizing 
species  should  also  be  conspicuous,  A*,  proximo  was  eliminated  because 
the  vast  majority  of  these  lamcllibranchs  are  less  than  3  mm  in  length. 
Y .  limatuia  therefore  remained  the  only  choice,  N.  iruiisa  is  probably 
the  better  polychaete  representative,  since  it  was  approximately  six 
times  more  abundant  than  C.  gouldii  and  since,  except  for  St.  2,  it 
made  the  largest  single  contribution  to  the  biomass  at  every  station 
wliich  included  this  community.  Inasmuch  as  the  use  of  a  predatory 
species  should  be  avoided,  this  choice  may  be  criticized.  However, 
as  shown  earlier  in  this  paper,  Ar.  incisa,  at  least  in  the  Sound,  is  a 
non.selec.tive  deposit-feedoi . 

The  concept  of  parallel  communities  advanced  by  Petersen,  largely 
verified  since  then  (see  Sparck,  1935),  states  that  two  or  more  geo¬ 
graphically  separate  communities  living  under  similar  physical  and 
hydrographic  conditions  will  have  essentially  similar  animal  popula¬ 
tions,  and  that  the  characteristic  species  will  belong  to  the  same 
genera  or,  at  most,  to  closely  related  genera. 

Only  four  of  the  communities  described  previously  by  other  inves¬ 
tigators  might  be  compared  with  the  soft  bottom  community  of  Lc^g 
Island  Sound,  the  most  similar  one  with  regard  to  environmental 
factors  being  the  Syndosmya  alba  community  originally  described 
from  Danish  waters  (Petersen,  1913) ;  this  community,  found  in  shallow 
and  sheltered  situations  or  in  estuarine  regions  of  the  eastern  Atlantic 
Ocean,  Mediterranean  and  Black  Seva,  exists  on  muddy  bottoms  under 
conditions  of  reduced  salinity.  As  implied,  the  characterizing  species 
is  the  lamellibranch  Syndosmya  alba.  Other  common  genera  in  this 
community  are:  the  lamellibranchs  Culiellus,  Corbvia,  and  Nucula 
(two  species);  the  polychaetes  Xephthys  and  Pectinaria  (closely  related 
to  Cistenoides );  and  sometimes  the  echinoderms  Echinocardivm  and 
Qphima. 

At  somewhat  greater  depths  (20-100  m)  of  the  same  geographical 
areas  is  the  Amphiura  community.  In  addition  to  the  echinoderm 
Amphiura,  the  common  genera  are:  the  polychaetes  Xephthys,  hum- 
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briconereis  and  Terebellides;  the  scaphapod  Dentalium;  the  gastropod 
Turritdla;  the  lamellibt unch  .V ucula;  and  the  echinoderms  Brissopsis , 
Echinocardium  and  Schizaster. 

Miyadi  (1940)  described  a  Maldane  community  from  the  muddy 
sediments  of  Tanabe-wan,  a  small  Japanese  Bay.  Here  the  common 
genera  are  the  polychaetes  Maldane  and  T  elepsavue  and  the  amphipod 
Ampelisca;  the  somewhat  less  common  genera  are  the  polychaetes 
Magelona,  Praxillella  and  Glycera;  the  lamellibranch  Tellina;  the 
gastropods  Philine  and  Cylichna;  and  the  scaphopod  Dentalium. 

Finally,  the  Yoidia-hyperborea  community  is  found  in  the  soft 
sediments  of  Icelandic  waters  at  about  10-70  m  (Sparck,  1937). 
The  common  genera  are  the  polychaetes  Pectinaria,  Stamaspis ,  Scali- 
bregma,  Amphicteis ,  Clymev.clla  and  Maldane;  and  the  lamellibranchs 
Yoldia,  X ucula  and  Leda. 

While  all  of  these  communities  have  characteristic  genera  in  common 
with  the  Long  Island  Sound  community,  there  are  certam  notable 
differences,  particularly  in  regard  to  the  most  common  genera.  In 
the  Maldane  community,  Xucula  is  absent  and  no  other  closely  related 
genus  is  present  to  replace  it.  Although  Cistenoides  is  replaced  by 
the  closely  related  genus  Pectinaria  in  the  Syndosmya,  Maldane  and 
Y  oLdia-hyperboren.  communities,  fficrc  is  no  oui  responding  form  in  the 
Amphiura  community.  In  the  Maldane  and  Yoidia-hyperborea  com¬ 
munities,  Nephihys  is  absent,  and  only  in  the  Yoidia-hyperborea  com¬ 
munity  is  the  genus  Yoldia  present.  Thus,  of  the  four  quantitatively 
dominant  genera  cf  the  soft  bottom  community  of  Long  Island  Sound, 
at  least  one  member,  or  a  closely  related  form,  is  absent  in  the  four 
communities  discussed.  In  addition,  there  is  no  equivalent  in  the 
Sound  for  Syndosmya  and  Amphiura,  the  characterizing  genera  of  two 
of  these  communities,  and  a  third  characterizing  genus,  Maldane, 
is  only  an  insignificant  member  of  the  Sound  community. 

Obviously,  then,  it  is  extremely  difficult  to  equate  the  Long  Island 
Sound  community  to  any  of  the  four  communities  discussed.  It  is 
proposed,  therefore,  that  this  association  of  animals  in  Long  Island 
Sound  be  called  the  Ncphthys  incisa-Y oldia  limatula  community, 
which  is  confined  to  sediments  containing  more  than  25%  silt  and 
clay  at  depths  of  from  4  to  at  least  30  m  with  bottom  temperatures  of 
0.5-22°  C  and  salinities  of  at  least  24.  i— 29.2%.' 

‘  On  July  26,  1955  the  author  found  this  community  entirely  intact  in  Buzzards 
Bay  near  Woods  Hole,  Mars.  (Lat.  41  =  32.4'  N,  Long.  70°  43.9  W)  in  about  15  m 
of  water;  but  the  maximum  salinity  in  this  area  is  about  32:  ;o, 
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The.  Relationship  of  Primary  Feeding  Types  to  Sediment  Composition. 
In  the  remaining  pages  of  this  section  an  attempt  will  be  made  to  see 
whether  or  not  the  primary  feeding  types  (herbivores  and  detritus 
feeders)  have  any  quantitative  relationships  to  the  character  of  the 
sediment.  Information  on  feeding  has  been  obtained  largely  from 
Blegvad  (1914),  Hunt  (1926).  Remane  (1933),  Thnmdrup  (1935) 
and  Mare  (1942).  and,  somewhat  after  the  manner  of  Hunt  (1926), 
these  animals  have  been  divided  into  three  broad  categories 

1.  Suspension  feeders,  which  live  on  organic  matter  suspended 
in  the  water,  include:  lamellibranchs  with  short  separate  siphons, 
namely  Pandora ,  Mulinia ,  Astartc,  Lyonsic,  Anadara,  Cerastcderma, 
Pitar,  M ercenaria  and  Ensis:  certain  gastropods  of  the  genus  Crepidula; 
the  filter-feeding  amphipods  Ampelisca ,  Leptocheirus  and  Ccrophium; 
the  serpulid  polychaete  Hydroides;  and  the  dendrochirote  holothurian 
Thy  one. 

2.  Selective  deposit-feeders ,  which  feed  discriminantly  either  on 
or  in  the  sediment,  inciude  both  detritus  feeders  and  herbivores; 
in  this  group  are:  lamellibranchs  with  long  free  siphons  such  as  Ma- 
coma;  lamellibranelis  with  prehensile  labial  palps,  Nucula  and  Yoldia; 
poiyehaetes  of  the  families  Ampbaretidac  ( Ampharete  and  Melinna ), 
Terebellidae  (. Pista  and  Trichobranchius) .  Amphictenidae  ( Cistencrides ), 
Chlorhaemidae  ( Flabelligera ),  and  Cirratulidae  ( Cirratulue  and 
Polycirrus) ;  such  amphipods  as  Unciola,  Siphonaecetes ,  Stenoihoe , 
Amphithuc  and  Erichlhonius;  the  cumaceans  Diasiylis  and  Oxyurostylis; 
the  tanaid  Leptognathia;  the  isopods  Edotea  and  Chiridotea;  and 
possibly  the  tectibranch  molluscs  Fetusa,  Cylichna  and  Acteon  (Berrill, 
1931). 

3.  Nonselective  deposit-feeders,  which  indiscriminantly  ingest  the 
sediment,  include:  the  polychaete  families  Ophelidae  (Ophelia), 
Maldanidae  (Maldane,  Clymenella,  Praxillella  and  Rhodine),  Ariciidae 
(Aricidia),  Scalibraemidae  ( Scalibre.gma )  and,  as  shown  earlier,  the 
species  Nephthys  incisa. 

Within  two  of  the  feeding  types,  the  mechanisms  vary  widely. 
For  example,  among  the  suspension  feeders,  the  gills  act  as  a  selective 
filter  in  the  lamellibranchs  while  the  mouthparts  or  certain  leg  ap¬ 
pendages  perform  this  function  ir  the  amphipods.  Among  selective 
deposit-feeders,  the  protobranchiate  lamellibranchs  use  prehensile 
labial  palps  to  obtain  their  food,  other  lamellibranchs  probe  over  the 
bottom  will:  long  separate  siphons  (Yongc,  1239;  1919),  and  the  poly¬ 


's 

I 


4Q0  Bulletin  of  the  Bingham  Oceanographic  Collection  [XV 

chaetes  feed  by  means  of  prehensile  tcrtaclcc.  In  the  following 
discussion  of  the  general  relationship  of  feeding  types  to  sediment, 
it  should  be  borne  in  mind  that,  in  view  of  the  different  feeding  habits 
of  different  animals,  this  relationship  will  be  less  precise  than  that 
determined  for  an  individual  species. 

The  dry  weights  of  the  three  feeding  types  are  shown  in  Fig.  23, 
where  the  stations  are  arranged  in  the  order  ol'  increasing  silt-clay 
content  of  their  sediments.  What  is  plotted,  then,  is  the  relationship 
between  feeding  type  and  sediment  composition,  and  it  is  clear  from 
Fig.  23  that  such  a  relationship  does  exist.  This  is  particularly 
evident  in  regard  to  suspension  feeders.  At  stations  characterized 
by  little  silt  and  clay,  the  suspension  feeders  completely  dominated, 
while  at  stations  with  sediments  of  high  silt-clay  concentrations 
they  constituted  an  insignificant  standing  crop.  These  results,  then, 
support  the  contention  made  earlier  in  this  paper  that  coarser  sedi¬ 
ments  indicate  favorable  environmental  conditions  for  suspension 
feeders,  Since  there  is  little  net  deposit  of  fine  ,  sediment  in  such 
environments,  there  are  probably  more  pronounced  bottom  currents; 
hence  more  water  and  more  food  are  made  available  to  these  organisms 
in  a  unit  period  of  time.  In  this  connection,  Smith  (1932)  found  in 
the  typical  gravel  bottom  of  the  Eddystone  grounds  near  Plymouth 
that  the  largest  number  of  species  were  suspension  feeders,  but  he 
attempted  no  quantitative  evaluation. 

'Results  of  an  analysis  of  the  nonselective  deposit-feeders  indicate 
that  three  different  situations  exist.  At  high  concentrations  of  silt 
and  clay  (>  50%),  as  typified  by  Sts.  2  and  3,  there  wrere  low  biomass 
values.  Between  concentrations  of  approximately  25-50%  silt-clay 
(Sts.  5,  8  and  7),  high  values  were  obtained.  At  somewhat  lower 
concentrations  (Charles  Island  and  Sts.  1  and  4),  nonselective  deposit- 
feeders  were  poorly  represented,  particularly  at  Sts.  1  and  4,  where 
the  coarsest  sediments  were  found.  This  distribution  pattern  can 
be  interpreted  to  mean  that  coarse  sediments  wdth  low  concentrations 
of  silt  and  clay  are  unfavorable  because  the  hard  substrate  is  not 
only  unsatisfactory  for  burrowing  but  contains  only  a  relatively  small 
amount  of  organic  matter  which  in  turn  can  support,  only  a  small 
biomass  of  nonselective  deposit-feeders.  At  the  other  extreme,  when 
there  are  extremely  high  concentrations  of  silt  and  clay,  the  large 
quantity  of  organic  matter  provides  a  hign  food  potential,  but  in  this 
instance  conditions  become  unfavorable  due  to  lack  of  oxygen. 
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Figure  23.  Weight  of  primary  feeding  t>pes  by  station. 

The  histogram  patterns  for  both  selective  and  nonselcctive  deposit- 
feeders  are  essentially  similar  at  all  stations  except  for  that  of  Charles 
Island,  where  the  higher  biomass  for  the  selective  deposit-feeder 
was  almost  entirely  due  to  the  sample  of  October  23,  1953,  which 
contained  an  abnormally  high  silt-clay  concentration  for  that  station. 
The  poor  representation  of  both  selective  and  nonselective  feeding 
types  on  the  coarser  sediments  was  directly  related  to  low  concentra¬ 
tions  of  settled  detritus  and  to  the  small  quantity  of  organic  matter 
in  the  sediment;  at  high  silt-clay  concentrations  ii.  was  the  low  oxygen 
content  which  created  the  unfavorable  environment  for  these  two 
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groups,  and  for  suspension,  feeders  as  well  Tn  Uh*sh  same  environ¬ 
ments,  however,  the  biornass  of  the  selective  feeder  was  higher  than 
that  of  the  nonselective  feeder,  probably  due  in  large  measure  to  the 
fact  that  nonselective  deposit-feeders,  which  are  borrowers  exclusively, 
find  the  hard  compact  nature  of  the  coarse  sediments  and  the  reduced 
sediment  of  high  silt  and  clay  less  satisfactory  than  selective  feeders 
for  obvious  reasons  stated  previously. 

The  relationship  of  primary  feeding  types  to  substratc-s  is  demon¬ 
strable  in  still  another  way.  Table  IX  gives  the  percentage  com¬ 
position  of  each  of  the  three  feeding  types  at  each  station,  with  the 
stations  arranged  in  sequence  according  to  siit-clay  content.  It  is 
seen  that  the  suspension  feeders  represented  the  characteristic  feeding 


TABLE  IX.  Composition  of  Primary  Feeding  Types  at  Each  Station. 
Stations  Arranged  in  Order  of  Increasing  Silt-Ci.-ay  Percentage. 


Station 

Suspension 

feeder 

- Deposit-Feeder - - 

Seledic-e  X  onseledite 

7c 

eiU-clay 

4 

95.56% 

4.30 

0.14 

5.4 

1 

82.94 

16.63 

0 . 4,'l 

4.7 

Charles  Is. 

76.01 

20.19 

2.90 

11.0 

5 

43.03 

18.93 

38.04 

18.5 

8 

10.16 

43.52 

46.32 

28.0 

7 

5.82 

55.82 

38.88 

31.5 

o 

6 . 15 

59.84 

34  01 

ea  a 
cru  .  u 

3 

5.78 

41.68 

52.39 

65.0 

type  on  coarser  sediments  while  the  selective  and  nonselective  deposit- 
feeders  characterized  the  finer  sediments. 

Bader  (1954),  working  at  Mt.  Desert  Island,  Maine,  found  a  positive 
correlation  between  the  density  of  the  lamellibranch  population 
and  the  organic  content  of  the  sediment,  with  population  density 
falling  off  sharply  at  concentrations  of  organi:  matter  above  3%. 
He  stated: 

The  pdeeypod  population,  as  used  in  this  discission,  refers  to  the  total 
density  of  pelecypods,  including  ail  soecies.  Thin  procedure  was  followed 
because  the  species  of  pelecypods  which  are  abundant  enough  to  consider 
individually  show  the  same  general  trends  as  the  total  pelecypod  population. 
The  investigation  did  not  show  any  major  ecological  hiatus  to  the  exclusion 
of  one  or  more  species. 

Actually,  nine  of  the  lb  species  of  lamellibranchs  examined  by 
Bader  are  suspension  feeders,  and  for  these  Bader  has  assumed  that 
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organic  matter  in  the  sediment  is  the  prime  source  of  food.  This 
assumption  seems  extremely  doubtful,  since  the  correlation  between 
suspension  feeders  and  sediment  type  results  from  the  relation  between 
water  circulation  immediately  over  the  bottom  (of  paramount  im¬ 
portance  to  suspension  feeders)  and  the  type  of  sediment  found. 
Hence  the  sediment  content  is  of  importance  to  suspension  feeders, 
not  per  se  but  as  an  indication  of  other  physical  conditions. 


SUMMARY  AND  CONCLUSIONS 

(1)  A  bottom  survey  of  a  limited  area  of  Long  Island  Sound  was 
carried  out  from  August  1953  to  September  1954,  but  in  some  in¬ 
stances  additional  data,  obtained  subsequently,  have  also  been  used. 
Most  of  the  eight  stations  were  worked  at  frequent  internals. 

(2)  The  dry  weight  of  each  species  in  each  sample  was  obtained 
separately.  Individuals  of  the  numerically  abundant  species  were 
divided  into  size  categories  by  length,  and,  when  an  adequate  number 
of  induiduals  of  a  given  size  category  had  accumulated,  the  dry 
weight  was  determined.  From  this  figure  the  mean  weight  of  the 
individual  animals  within  this  size  range  was  computed.  Tables 
relating  length  to  vreight  were  constructed  for  the  dominant  species 
on  the  basis  of  these  cuiupulauuns. 

(3)  Modification  of  the  techniques  used  by  soil  scientists  was 
adopted  for  sediment  analysis.  In  contrast  to  data  given  in  other 
bottom  investigations,  significantly  higher  concentrations  of  silt  and 
clay  were  obtained  from  all  types  of  sediments,  Results  indicate 
that  large  fractions  of  these  components  are  lost  when  the  more 
commonly  employed  procedures  are  used.  Since  the  clay  component 
is  closely  associated  with  organic  matter  in  sediments,  the  desirability 
of  its  precise  determination  is  evident. 

(4)  Within  a  single  station  there  were  significant  variations  among 
different  samples  when  the  total  biomass  was  considered,  but  when 
the  larger,  less  abundant  animals  were  excluded,  the  variability  was 
significantly  reduced.  Still  further  uniformity  was  achieved  when 
only  the  infaunal  component  of  each  sample  was  compared. 

(5)  It  was  possible  to  characterize  the  infauna  of  each  sediment 
by  a  narrow  range  of  biomass  values.  This  was  true  not  only  between 
stations  but  even  when  samples  from  the  same  stations  came  from 
different  sediment  types, 
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(6)  Results  of  the  present  investigation  have  shown  that  a  close 
relationship  exists  between  the  silt-clay  concentrations  of  the  sediment, 
and  the  size  of  the  infaunai  population.  The  largest  populations 
were  found  in  sediments  containing  13-25%  silt  and  clay.  Deviation 
from  this  range  either  towards  higher  or  lower  concentrations  gave 
progressively  smaller  biomass  values, 

(7)  The  animals  under  a  square  meter  of  bottom  varied  from 
5,563  at  St.  5  to  46,398  at  Charles  Island. 

(8)  The  weight  of  all  small  organisms  (those  less  than  0.2  g  dry 
weight)  var'ed  from  4.54  g  at  St.  2  to  36.38  g/m2  at  Charles  Island. 
Considering  only  the  infauna,  the  values  ranged  from  3, S3  g  at  St..  1 
to  27.57  g  at  Charles  Island. 

(9)  Long  Island  Sound  supported  a  larger  benthic  population  in 
both  numbers  and  weight  than  that  found  in  other  areas  by  previous 
workers. 

(10)  Two  mechanisms,  the  extensive  freshwater  drainage  and  the 
two-layer  transport  exchange,  maintain  high  concentrations  of  nu¬ 
trients  in  the  Sound.  These  in  turn  allow  dense  concentrations  of 
phytoplankton  to  develop,  to  that  the  ratio  of  phytoplankton  to 
zooplankton  is  larger  than  that  found  tor  certain  other  inshore  waters. 
This  implies  that  the  zooplankton  is  utilizing  a  smaller  fraction  of 
the  available  phytoplankton,  leaving  a  larger  proportion  for  other 
utilization.  Since  bacterial  decomposition  in  this  shallow’  water 
column  oust  be  limited,  large  quantities  of  phytoplankton  are  made 
available  to  benthic  animals.  This  large  supply  of  organic  matter  is 
the  most  obvious  explanation  for  the  high  benthic  biomass  in  the 
Sound. 

(11)  Detailed  examination  of  the  ecological  relationships  of  the 
most  dominant  species  was  made: 

a)  The  polychaete  Nephthys  intisa  comprised  approximately  one- 
third  of  the  biomass  of  smaller  animals  at  stations  with  softer  sediments 
and  with  maximal  values  within  the  25  to  37%  silt-clay  range.  Despite 
statements  in  the  literature,  Nephthys  incisa ,  at  least  in  Long  Island 
Sound,  must  be  considered  a  nonselective  deposit-feeder  rather  than 
a  carnivore,  Trophic  considerations  and  stomach  analyses  support 
this  view. 

b)  The  trumpet  worm,  Cislenoides  gouldii,  constituted  almost  6%. 
of  the  smaller  animals  at  stations  with  finer  sediments.  The  animal 
is  a  selective  deposit-feeder  and  is  found,  in  largest  numbers  in  sedi- 
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ments  containing  20  to  40%  silt  and  cla\.  Its  mode  or  feeding 
prevents  this  organism  from  being  abundant  in  sediments  with  either 
low  or  high  concentrations  of  silt  and  clay. 

c)  The  two  most  abundant  forms  of  the  amphipod  genus  Ampelisca 
are  so  similar  that  it  was  deemed  unwise  to  attempt  to  separate  them 
taxonomically.  Ampelisca  A,  confined,  at  all  times  of  the  year  to  the 
coarser  sediments  and  comprising  14%  of  the  infaunal  populations, 
was  3-4  times  heavier  than  its  counterpart,  Ampelisca  B,  which 
occurred  only  in  the  finer  sediments  and  which  made  up  2%  of  their 
populations.  The  absence  of  overlap  in  their  ranges  suggests  intense 
competition  between  them.  Within  the  range  of  each  form,  no 
significant  difference  in  size  occurred,  which  indicates  that  this  dif¬ 
ference  i3  of  genetic  rather  than  environmental  origin.  Each  of  these 
filter-feeding  forms  has  a  short  summer  and  a  long  overwintering 
generation.  Females  were  lo  times  more  common  than  males  in 
both  Ampelisca  A  and  B;  on  closer  examination,  however,  half  of  the 
females  proved  to  be  gynomorphic  males. 

d)  The  lamellibranch,  Yoldia  limatula.  comprised  almost  10% 
of  the  infauna  of  the  softer  sediments  with  maximal  values  in  30  to 
45%  silt-clav. 

e)  The  lamellibranch  Mv.cv.la  promna,  despite  its  small  size,  con¬ 
stituted  24%  of  tho  infaunal  biomass  of  the  finer  sediments.  Sub¬ 
stantial  populations  were  found  in  sediments  containing  35  to  75% 
silt-clay,  thus  indicating  that  this  animal  can  tolerate  somewhat 
reduced  concentrations  of  oxygen.  Like  Y.  limctufa,  A*,  proxima 
feeds  by  means  of  palp  proboscides  and  is  considered  a  selective 
deposit-feeder. 

f)  Pandora  gcruldiana,  though  found  at  all  eight  stations,  made  up 
a  large  fraction  of  the  biomass  at  only  Charles  Island,  where  it  com¬ 
prised  14%  of  the  infauna.  Apparently  this  suspension-feeding 
lamellibranch  is  largely  limited  to  sediments  low  in  silt-clay  and 
gravel. 

(12)  For  present  purposes,  the  productivity  of  a  species  or  com¬ 
munity,  defined  as  the  amount  of  organic  matter  produced  in  the 
course  of  a  year,  is  estimated  indirectly  from  calculations  on  growth, 
mortality  and  recruitment.  Productivity  values  were  obtained  for 
four  long-lived  species:  Xephtkys  incise,  Cis  ten  aides  gouldii,  Yoldia 
limatula  and  Pandora  gouldiana.  Since  the  ratio  of  annual  produc¬ 
tivity  tc  biomass  for  these  specie.?  varied  from  1.94-2.28,  with  a  mean 
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value  of  2.1.  and  since  this  value  was  based  on  forms  that  constituted 
more  than  50%  of  the  infauna  of  softer  sediments,  it  seemed  reasonable 
to  use  the  same  factor  (2.1)  to  determine  the  productivity  cf  the 
remaining  long-lived  animals  in  the  population.  A  larger  ratio  of 
productivity  to  standing  crop  was  indicated  for  short-lived  animals; 
5.0  appeared  to  be  the  most  reasonable  figure. 

Using  the  determined  amounts  of  long-lived  and  short-lived  animals 
together  with  the  above  ratios,  the  factor  obtained  for  the  infauna 
ranged  from  2.17  at  Sts.  2  and  3  to  3.10  at  St.  1;  for  all  stations  the 
ratio  was  2.44. 

(13)  Consideration  of  the  relationship  between  primary  feeding 
types  and  sediment  composition  showed  clearly  that  suspension 
feeders  represented  the  characteristic  feeding  type  on  coarser  sedi¬ 
ments,  where  they  comprised  more  than  80%  of  the  total  for  the 
three  feeding  groups;  in  fine  sediments  they  constituted  only  6%. 
Conversely,  in  the  finer  substrates  the  selective  and  nonselective 
deposit-feeders  were  the  dominant  forms  whereas  in  coarser  sediments 
they  represented  only  minor  constituents  of  the  population. 

(14)  Finally,  an  attempt  was  made  to  classify  the  level  bottom 
communities,  only  one  of  which  was  represented  adequately  at  the 
stations  sampled.  This  was  the  population  that  inhabited  the  softer 
sediments  at  Sts.  2.  3,  7  and  8.  Since  significant  differences  were 
found  between  the  composition  of  the  dominant  species  of  this  com¬ 
munity  and  that  of  similar  ones  from  other  regions  of  the  world,  it  is 
proposed  that  this  association  of  animals  be  called  the  Nephthys 
incisa-Yoldia  Umaiula  community  of  Long  Island  Sound,  w’hich  is 
confined  to  sediments  containing  more  than  25%  silt  and  clay  and 
which  exists  at  depths  of  4-30  m  at  temperatures  of  0.5-22°  C  and  at 
salinities  of  at  least  24. 7-29, 2^. 
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APPENDIX  II.  List  of  Animals  Found  in  the  Long  Island  Sound  Suevey 


Porifera 

Mlffodona  prolifcs-a 
Chalina  oculata 
Goelanterata 

Corymorpha  pcnduia 
Hydro!  ds 

Csri&ntius  amsdc&nas 
See.  anemone 
Tuxbellarla 
Unidentified  sp, 
Kemertlna 

Cere  bra  tni  us  laridas 
N'emertlne 
Polychaeta 
Poiyoe  acanellae 
Lepidonotus  squamatos 
Harmothoe  imbricate 
Sthenelaia  gradita 
E  teens  alba 
Anal  tie  forrcosa 
Anaitls  plcta 
Anaitldes  catenate 
Nosmthas  sucdnea 
Nephtbys  indsa 
Nephibys  ingeas 
Nephthys  cfwjoa 
Nepbthys  plcta 
Arabella  iricclcr 

I  \J  — .  — »  a  t~  >i  ~  M  *  ws  rWM_i 

b/ivyamo 

Drilonerds  Icroga 
T  nm  WWwfti*eHf  t-ATUlis 

Marphysa  sanguitma 
Glyceru  dlbranobteta 
Glycera  americana 
Goni&da  gracilis 
Cirra  talus  grandis 
Polydrrus  esimus 
Polycirms  phosphoreus 
Plata  palmata 
Trictcbranchius  gladalis 
Amphsrets  acutifronj? 
Melilina  oristata 
Cistenoldes  gouldii 
Ophelia  llmadna 
Maiaane  sard 
Cljmenelte  torqaata 
Amphlcora  fabridi 
AjdotfceUa  catenate 
PraxUiella  preetermissa 
Rhodtnc  attenuata 


ScaUbregma  Inflatam 
FhibeUigera  afinis 
Potamilla  torelli 
Hydroide!  dianthus 
AnciscrosylUs  tentACUlate 
Polychaete  D 
Polychaete  E 
Polychaete  F 
Polychaete  G 
Ariddia  rp, 

Nino£  nlgripes 
Pulyehaste  Q 
Polychaete  X 
Splonid 

Unidentified  polychaete 
Crustacea 
H  U  tddnau  it  1  alia 
m&crmantha 
Balanns  balanoldes 
D tasty  113  auadrispinosa 
Diastyfis  polite 
Oxyurostylis  gnilthl 
Hetaromyals  formosa 
Neomysis  americana 
Leptognathia  caeca 
Ampciisca  A 
AmpeUsca  B 
StenotboS  cyprlg 

^‘Tft.cmnrfflfl  la  via 

Fodccercp*ia  nitdda 
Lsptoc  helms  pingnis 
AmprJthoS  rubricate 
G. tibia  oompta 
Undo  la  Irrorate 
Siphonaecetes  smithianus 
Erlchthonius  brasiliansts 
Corophium  echerasicuin 
CorophJurr,  crasslcorne 
Corupbiuui  I’ J i>r  r vu 1  a  t-u  m 
Aeginella  longieornis 
Caprsliu  iimsaria 
Caprelia  geometrica 
Cyatbura  carinate 
Clilridotea  iuftii 
Edotca  moutosa 
Crago  eoptemsplnosus 
Pagurus  longlcsrpus 
Pagurus  pollicaris 
Llblnla  dubia 


Llblnia  emarginata 
Pelia  mntica 
Pinnixte  ayana 
Xecpanope  t-cxana 
Panoptus  herbatll 
Gvalipes  ocellatus 
Csnc&r  irrorata 
Pyconogonida 
Mymphcn  fposaSpee 
Moliusca 

Nucule.  prodtra 
Ycldta  Umatula 
Anadara  tranaversa 
Anomla  simplex 
Mytilas  eduiis 
Pandi-ra  gcaldiana 
Lyraisia  hynliaa 
Asterte  undulate 
Cera3toderma  pinnatuium 
Pitar  morrhuana 
Mercenarta  tuerceaarte 
Gamma  gemma 
Macnma  tente 
Elude  direciiia 
Mnlinia  lateralis 
Myft  arena rla 
Lunatla  heros 
Lnnatia  trisedata 

jrUIUliDCH  UUpUUOTUS 

Crepiduia  romlcata 
Croptdula  eonvexa 
CrepldutA  plana 
Eupleuni  cauda*a 
Uro3alpinx  dnmea 
MltreUa  lunata 
Nas3arios  triviattatus 
Busycon  canicolatnm 
P.ctna  cnnicjiatum 
CyUchna  alba 
Ac  toon  punctcstriatus 
Turridae 
Elyda  catula 
Ecbinoderroata 
Tbyone  briateue 
Holothudsn 
Asterias  forbesi 
Pisces 
Gcbius  sp, 
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APPENDIX  III.  Analyses  or  Soke  Representative  Stations  in  Long  Island  Sound. 

Xeubeeb  and  V'eiqkts  peb  m> 


TV.  of  Churlc*  t 

3iu-‘iOK  1 

Dec. 

IS,  HCS 

April 

IS,  IB  SO 

leb. 

IB,  1954 

Species 

So. 

TV!. 

No. 

TV!. 

No. 

TV! 

Hydrotds 

1.31 

4- 

12.89 

_ 

.54 

Polynoe  acaceUEre 
Leplc.cootus  squamatun 

8 

.24 

— 

— 

— 

— 

— 

— 

68 

.38 

— 

- - 

Stuendals  gracilis 

8 

,  063 

— » 

— 

— 

Eteou?  aiba 

155s 

082 

— - 

— 

—  . 

— 

Neax.thes  suedcea 

8 

0015 

281 

.25 

— 

- . 

Neplithye  Inrfsa 

— 

— 

01 

.037 

15 

.046 

Pi'ephthys  tngens 

S 

.  02S 

- . 

— 

— 

— 

Nep  nhys  caeca 

— 

— 

236 

,033 

106 

.016 

Nfcpluhys  pict-a 

— 

■ - 

— 

— 

8 

.0046 

DIopat.ra  cuprea 

15 

.0S5 

■ - 

— 

— 

— 

Lumbrinerels  tenuis 

— 

— 

— 

8 

.0023 

Glycera  dlbrancblata 

23 

.  12 

— 

— 

— 

— 

Glycera  americana 

— 

— 

30 

.066 

— 

— 

Gbniada  gracilis 

S 

.0053 

— 

— 

.  — 

Trlcbobranchlus  gladalis 
Ampbarcica  acn tl‘on« 
Cistenuidta  gOUldll 

8 

.0:29 

- - 

— 

— 

— 

8 

.011 

230 

.22 

106 

.  14 

i  r 

1 1> 

1  4 

- - 

8 

.0015 

Eiabelllgera  afflnla 

Bydroldes  dJanthus 

8 

.013 

— 

— 

— 

— 

— 

— 

61 

.  44 

— 

— 

Unidentified  pclychaate 
Oxyurostylls  aralthi 

G1 

,079 

— 

— 

— 

_ _ 

8 

.0023 

— 

— 

— - 

— 

N  corny  sis  americana 

— 

— 

190 

.  13 

— 

~~ 

LeptognatliiB,  caeca 
AmpeEsca  A 

— 

— 

— 

— 

20284 

.32 

eia 

.32 

1307 

1  50 

1885 

.96 

Stenothoe  cypris 

— 

— 

609 

.052 

684 

.052 

Podocercpsls  nitlda 
Leptccheirus  plnguia 
Amchltlioe  rubricate 

Gruuia  compta 

— 

- , 

46 

.0091 

— 

. - 

23 

.012 

— 

— 

312 

.95 

122 

.082 

— 

— 

— 

. - 

Undola  lrrorata 

81 

.21 

01 

.31 

61 

.  13 

Erichthcmius  tarasiiienida 

12-2 

.0081 

471 

.047 

213 

.026 

Corophlmm  aeueraslcum 

035 

.050 

1543 

.089 

— 

— 

w.  •_  u:::  ■ _ 

— 

— 

471 

.10 

Aegmexia  longirorms 

— 

— 

A-O 

,  uooo 

— 

— 

Edotca  rccntosa 

433 

.  17 

23 

.0084 

— 

— 

i^A^ArvIn t* 

1  2A 

01 

84 

4  98 

Pagums  ionxicarpus 

Pa  gurus  polll  carls 

15 

.057 

3,37 

lbu 

j.oi 

8 

13.79 

63 

124.79 

— 

— 

Ltblnia.  pmarginata 

8 

.030 

‘ - 

— 

15 

2.32 

Pella  mutica 

— 

— 

8 

031 

S 

.036 

Pinniria  sayana 

— 

- - 

■ - - 

— 

53 

.52 

ISecpanope  tesana 

84 

1,19 

68 

1.77 

— 

Panope'is  Letbsti! 

Nucuia  prorlma 

— 

— 

144 

5,78 

— 

A 

.0023 

8 

.0053 

— 

■ - 

Anadara  transvarsa 

15 

.078 

■ - 

— 

106 

.  19 

Pandora  gouldiana 

602 

2.19 

— — 

- - 

53 

.031 

Lvonsla  hyalbca 

15 

.20 

— 

— 

76 

.25 

Artarte  undulata 

— 

— 

- - 

— 

3580 

18.54 

f'^Fjurorlprma.  rrinn&tttlurQ 

— 

— 

— 

— 

64 

.67 

Mcmmaria  merceaarla 

46 

a?  6 

— 

— 

Gemma  gemma 

122 

.013 

— 

— 

— 

— 

Macoma  tenta 

3177 

3.43 

— 

— 

53 

.089 

Ensis  directus 

8 

.23 

— 

53 

.  59 

MtillnJa  lateralis 

1041 

.41 

471 

.  12 

8 

.0046 

Lunat.a  triserlata 

—  • 

— 

- - 

— 

8 

.  19 

Crepidula  plana 

23 

.023 

334 

.29 

Eupleara  caudata 

8 

.0053 

49 

.95 

— 

. - 

Mitrella  lunata 

— 

— 

8 

.0023 

— 

— 

Naasarius  trlvlattatus 

38 

1.21 

23 

.28 

23 

.59 

Busycon  c&nlculatum 

8 

.40 

— 

Retusa  canlculatum 

323  8 

.70 

- - 

— 

— 

_ 

Acteon  pumr.ostriatus 

745 

.  050 

S 

.0003 

— 

— 

Turritiae 

— 

— 

— 

— 

8 

.0068 

Totals 

13203 

28.3338 

6742 

157.3667 

28472 

31.1258 
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Station  i  Station  8  Station  3 


Feb. 

■9.  19. ok 

Feb.  t 

1  1 

05  k 

Feb.  19,  ■ 

'Qai 

-Vo. 

Wt. 

So. 

Wt. 

Xo, 

in, 

Corymorpua  penduia 

46 

.  45 

— 

— 

—  - 

- — 

Hydroida 

.41 

— 

— 

— 

— 

Ceriantrms  americanus 

61 

.  64 

— 

— 

30 

.  14 

Et-eona  alba 

'  - 

— 

46 

0046 

— - 

— 

Anaitides  catenula 

8 

.0034) 

— 

— 

— 

— 

NepUtUvs  inclsa 

990 

o .  G9 

1428 

3 

.90 

106 

.54 

Nephthys  caeca 

— 

— 

137 

.022 

— 

Dlopatra  cuproa 

r>3 

20 

— 

— 

— 

— 

Lumbrinerels  -Dids 

16 

.012 

— 

. 

23 

.028 

(Jirtrera  aibrancfciata 
Tricbobranetilug  giadalia 

— 

z 

S 

4b 

.052 

,022 

— 

Melinna  crlstata 

53 

.052 

357 

.  IS 

— 

— 

Oistecoides  gouldll 

213 

.074 

182 

.  13 

15 

.014 

Maldane  sarsi 

15 

.059 

8 

.055 

— 

— 

Flabelligera  affinis 

23 

.35 

-  - 

— 

— 

Spicold 

— 

— 

S 

.0015 

— 

— 

LnldentlUed  polychaete 

frag. 

.086 

182 

.0091 

21a 

.021 

Ampelisci  B 

1360 

.11 

— 

— 

46 

.0046 

Stenotho  f  cyprla 

524 

.042 

— 

— 

— 

— 

Leptochclms  pluguis 

3S 

.14 

46 

.054 

— 

— 

Indola  Irrorata 

365 

.  17 

— 

— 

— 

— 

Slphonaecst-es  srnUliianus 

160 

,026 

— 

— 

— 

Panopeuu  herbstll 

IS 

76 

— 

— 

— 

— 

Nymphon  grosslpeg 

NucuJa  proxtma 

8 

0008 

— 

— 

— 

— 

8 

.0023 

8003 

1 

.27 

1984 

.31 

YoldJa  IJmatula 

— 

— 

137 

.  67 

61 

aa 

Anfldara  tranaversa 

9 

.072 

— 

— 

— 

— 

Pandora  gooldlana 

63 

.011 

23 

.0.31 

R 

.0076 

Lvonala  hyalina 

Pitar  morrhuana 

258 

.85 

— 

— 

— 

160 

.47 

15 

0030 

8 

.0015 

Maooma  tenta 

— 

— 

8 

.0036 

— 

MulL'lla  lateraiis 

524 

.  14 

8 

.0015 

8 

.0023 

Lunatla  trUeriata 

— 

— 

15 

.58 

— 

— 

Po  Unices  dupUcatus 

8 

.60 

-  „ 

n/ 

— 

— 

nerusa  carucujatarD 

_ 

.  4* 

107 

■  Ui3U 

Cyllchna  all» 

106 

.021 

1026 

.  21 

— 

— 

Action  ounctostriauis 

8 

.  0084 

8 

.0008 

— 

— 

Turridae 

312 

.043 

91 

.031 

— 

— 

Totals 

5398 

11.4923 

13SS9 

7 

.  8143 

2639  1 

.4190 
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